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This study is the first to describe aspects of reproductive and larval biology required for 
aquaculture-based enhancement of the Western School Prawn Metapenaeus dalli 
(Racek, 1957), in south-western Australia. Biological and environmental factors 
influencing the reproductive dynamics were investigated in a three year study of the 
population in the Swan-Canning Estuary.  Estimates of total population fecundity were 
made for the first time, based on detailed histological studies of ovarian development. 
The morphology of different stages of larval development was described to inform 
subsequent larval rearing trials to investigate their physico-chemical and feeding 
requirements for large-scale production.  
Morphological analysis of ovarian development in M. dalli showed that 
maturation occurs in five stages i.e. immature, early maturing, late maturing, mature 
and post spawning. Histological methods developed in this study increased the precision 
of measuring oocyte size by 17 to 40%, for all cell types measured and provided the 
basis to developing a novel histological technique for quantifying oocyte composition. 
A study of the reproductive dynamics of female M. dalli in the Swan-Canning Estuary 
showed that reproduction occurred between November and March, when water 
temperatures were  > 17 ˚C, salinities > 25 ‰ and stratification (bottom – surface 
salinity) < 3 ‰. Densities of gravid M. dalli were highly seasonal, peaking in 
November each year when 0+ females matured (19 mm CL), and were highest within 
the Lower Canning Estuary. Knowledge from the histological studies of oogenesis was 
used to estimate individual fecundity ranged from 34,000 (18.1 mm CL) to 132,000 ova 




macroscopic ovarian condition, was used to estimate the total egg production by 
M. dalli in the estuary.  Egg production peaked in December/January and differed 
among the three years. Results suggest that closing fishing between November and 
December would protect the early breeding aggregations of M. dalli. 
Taxonomy of the six naupliar, three protozoea, three mysis and first post-larval 
forms of M. dalli was described from larvae cultured in the laboratory over 12 days at 
26 ˚C. Morphological development in M. dalli broadly followed those recorded for 
other metapenaeids, albeit with differences in the number, location and composition of 
individual setae and other minor spinal development. Survival of larval M. dalli was 
highest in water temperatures from 22.6 to 29.4 ˚C and lower at 32.6 ˚C, when assessed 
at a salinity of 35 ‰. Under various water temperature regimes from 21.4 to 29.7 ˚C, 
larval survival was highest at salinities of 35 to 40 ‰ and significantly lower at 30 ‰. 
Larval development increased rapidly with temperate from 21.4 ˚ to 29.4 ˚C, but only 
minor increases occurred above 29.4 ˚C.  Survival, development and dry weight of 
larval M. dalli was investigated using feeds of three microalgal species Chaetoceros 
muelleri, Chaetoceros calcitrans and Tetraselmis suecica. Overall growth performance, 
assessed by incorporating survival, development and dry weight of larval M. dalli into a 
normalized biomass development index, determined that both mono-specific and mixed 
diets containing C. muelleri and T. suecica were best for M. dalli larvae.  
These results increase the understanding of the reproductive and larval biology of 
M. dalli required for successfully implementing aquaculture-based enhancement (ABE) 
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Ant, first antenna; 2nd Ant, second antenna; Mn, mandible; Rst sp, rostral spine; Ab 
somite, abdominal somite; 1st Mx, first maxilla; 2nd Mx, second maxilla; 1st Mxp, first 
maxilliped; 2nd Mxp, second maxilliped; 3rd Mxp, third maxilliped; 1st per, first 
pereiopod; 3rd per, third pereiopod; 5th per, fifth pereiopod.Error! Bookmark not 
defined. 
 
Figure 4.2. Metapenaeus dalli Nauplius I ventral view(a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible. Endopod (End.) and exopod (Ex.) denoted on 2nd antennae and 
mandible. Scale bar = 0.1 mm. ....................................... Error! Bookmark not defined. 
 
Figure 4.3. Metapenaeus dalli Nauplius II ventral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible. Scale bar = 0.1 mm. ................... Error! Bookmark not defined. 
 
Figure 4.4. Metapenaeus dalli Nauplius III ventral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible. Scale bar = 0.1 mm. ................... Error! Bookmark not defined. 
 
Figure 4.5. Metapenaeus dalli Nauplius IV ventral view (a); (b) 1st antenna; (c) 2nd 





Figure 4.6. Metapenaeus dalli Nauplius V ventral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible. Scale bar = 0.1 mm. .................... Error! Bookmark not defined. 
 
Figure 4.7. Metapenaeus dalli Nauplius VI ventral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible. Scale bar = 0.1 mm. .................... Error! Bookmark not defined. 
Figure 4.8. Metapenaeus dalli Protozoea I dorsal view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd 
maxilliped; (i) 3rd maxilliped. Scale bar (a-c, g-i) = 0.1 mm, (d-f) = 0.05 mm. ...... Error! 
Bookmark not defined. 
 
Figure 4.9. Metapenaeus dalli Protozoea II dorsal view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd 
maxilliped; (i) 3rd maxilliped. Scale bar (a-c, g-i) = 0.1 mm, (d-f) = 0.05 mm. ...... Error! 
Bookmark not defined. 
 
Figure 4.10. Metapenaeus dalli Protozoea III dorsal view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd 
maxilliped; (i) 3rd maxilliped; (j) periopod. Scale bar (a-c, g-i) = 0.1 mm, (d-f) = 0.05 
mm. .................................................................................. Error! Bookmark not defined. 
 
Figure 4.11. Metapenaeus dalli Mysis I lateral view (a); (b) 1st antenna; (c) 2nd antenna; 
(d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd 
maxilliped; (j) 3rd pereiopod; (k) 5th pereiopod; (l) telson and uropods. Scale bar (a-c, g-
l) = 0.1 mm, (d-f) = 0.05 mm. ......................................... Error! Bookmark not defined. 
 
Figure 4.12. Metapenaeus dalli Mysis II lateral view (a); (b) 1st antenna; (c) 2nd antenna; 
(d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd 
maxilliped; (j) 3rd pereiopod; (k) 5th pereiopod; (l) telson and uropods. Abbreviated 
label (Pt. sp.) is pterygostomain spine.  Scale bar (a-c, g-l) = 0.1 mm, (d-f) = 0.05 mm.
 ......................................................................................... Error! Bookmark not defined. 
 
Figure 4.13. Metapenaeus dalli Mysis III lateral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd 
maxilliped; (i) 3rd maxilliped; (j) 3rd pereiopod; (k) 5th pereiopod; (l) pleopods; (m) 
telson and uropods. Scale bar (a-c, g-m) = 0.1 mm, (d-f) = 0.05 mm.Error! Bookmark 
not defined. 
 
Figure 4.14. Metapenaeus dalli Post larvae I lateral view (a); (b) 1st antenna; (c) 2nd 
antenna; (d) mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd 
maxilliped; (i) 3rd maxilliped; (j) 3rd pereiopod; (k) 5th pereiopod; (l) pleopods; (m) 
telson and uropods. Scale bar (a-c, g-m) = 0.1 mm, (d-f) = 0.05 mm.Error! Bookmark 
not defined. 
 
Figure 5.1. Representation of the larval life-cycle of penaeid and metapenaeid prawns, 






Figure 5.2 Mean percentage survival (± 95 % confidence limits) of Metapenaeus dalli 
larvae during development from Nauplius VI to Mysis I at four different water 
temperatures. Letters above error bars denote groups of samples identified by Tukey’s 
HSD................................................................................. Error! Bookmark not defined. 
 
Figure 5.3. Average time (± 95% confidence limits) taken for Metapenaeus dalli larvae 
to develop from Nauplius VI to Mysis I at four different water temperatures. Letters 
above error bars denote groups of samples identified by Tukey’s HSD. ................ Error! 
Bookmark not defined. 
Figure 5.4. Mean percentage survival (± 95% confidence limits) of Metapenaeus dalli 
larvae over a 48 h period from N VI substage at three different salinities. Letters above 
error bars denote groups of samples identified by Tukey’s HSD.Error! Bookmark not 
defined. 
 
Figure 5.5. Mean development index (±95% confidence limits) of Metapenaeus dalli 
larvae over a 48 h period from N VI substage at three different water temperatures. 
Letters above error bars denote groups of samples identified by Tukey’s HSD. .... Error! 
Bookmark not defined. 
 
Figure 6.1. Representation of the larval life-cycle of penaeid and metapenaeid prawns 
from nauplii substage VI, through protozoea substages I to III and on to mysis substages 
I. Modified from: Motoh (1985). .................................... Error! Bookmark not defined. 
 
Figure 6.2. Percentage survival of Metapenaeus dalli larvae (mean ± 95% confidence 
limits; n=3) fed different algal diets determined at the time when 50 % the control 
(Cm+Ts) had moulted to M I. Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), 
Tetraselmis suecica (Ts), Australian Centre for Applied Aquaculture Research 
(ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters denote groups that are 
not significantly different. ............................................... Error! Bookmark not defined. 
 
Figure 6.3.  Development of Metapenaeus dalli larvae (mean ± 95% confidence limits; 
n=3) fed different algal diets determined at the time when 50 % the control (Cm+Ts) 
had moulted to M I. Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), 
Tetraselmis suecica (Ts), Australian Centre for Applied Aquaculture Research 
(ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters denote groups that are 
not significantly different. ............................................... Error! Bookmark not defined. 
 
Figure 6.4. Dry weight of Metapenaeus dalli larvae (mean ± 95% confidence limits; 
n=3) fed different algal diets determined at the time when 50 % the control (Cm+Ts) 
had moulted to M I. Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), 
Tetraselmis suecica (Ts), Australian Centre for Applied Aquaculture Research 
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Figure 6.5. Normalized biomass development index (NBDI) of Metapenaeus dalli 
larvae (mean ± 95% confidence limits; n=3) fed different algal diets determined at the 
time when 50 % the control (Cm+Ts) had moulted to M I. Chaetoceros muelleri (Cm), 
Chaetoceros calcitrans (Cc), Tetraselmis suecica (Ts), Australian Centre for Applied 
Aquaculture Research (ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters 
denote groups that are not significantly different. ........... Error! Bookmark not defined. 
 
Figure 7.1. Scientific requirements for the successful implementation of aquaculture-
based enhancement of Metapenaeus dalli in the Swan-Canning Estuary. Outcomes of 
this Thesis are given in dark blue, light blue sections are required for release strategies 
of cultured stock, orange sections are key outcomes of ABE implementation, red 
sections relate to fishing yield. Adapted from Tweedley et al. (2017) and Jenkins et al. 
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1.0 Thesis Introduction 
Throughout the world, increased focus has been placed on the sustainability of capture 
fisheries since peak production and landings plateaued in the 1980s (FAO, 2016). 
Currently, 31.4% of the total number of marine fisheries are classified as overfished, i.e. 
fished at biologically unsustainable levels, and have abundance lower than the level 
which can produce the maximum sustainable yield (FAO, 2016). Shortfalls in wild 
capture fisheries since the 1980’s have been compensated for by increases in 
aquaculture production, however these practices do not typically improve the 
sustainability of these fisheries, nor help restore their populations. One management 
practice than has the potential to increase the abundance of fishery species is 
‘aquaculture-based enhancement’ (Taylor et al., 2017). 
1.1 Aquaculture based enhancements of stocks 
Aquaculture-based enhancement (ABE) refers to the release of aquaculture-produced 
species to augment limitations in natural recruitment, due to human-induced and/or 
natural change (Taylor et al., 2017). These ABE releases fall into three categories, 
restocking, stock enhancement and sea ranching, and each category of ABE has the 
potential to benefit both commercial and artisanal/recreational fisheries (Bell et al., 
2006, Zohar et al., 2008, Loneragan et al., 2013). Restocking refers to the release of 
cultured stock into depleted wild populations, while stock enhancement refers to the 
sustained release of stock into a fishery to increase yields above those of natural 
recruitment. Sea ranching, like restocking is done when natural recruitment is low or 




It is the equivalent of farming the oceans as the released fish are harvested before they 
can contribute to the spawning populations and has been referred to as ‘put-grow-take’ 
releases (Lorenzen, 2005, Bell et al., 2006, Taylor et al., 2017). 
Determining the appropriateness of ABE requires ecological studies of the target 
species and the stocked environment to ensure cost effectiveness and environmental 
sustainability. This may include examination of recruitment limitation and whether 
natural migratory behaviours of target species prevent direct enhancement of targeted 
fisheries; what carrying capacity the target fishery may have; whether ABE released 
stock may have detrimental effects on the environment (Blount et al., 2017, Loneragan 
et al., 2017). For example, marine pelagic and demersal finfish species that exhibit 
mixing/migration of breeding stock between populations and/or naturally high levels of 
recruitment are not suitable, for ABE due to the increased effort required to make 
substantive increases in fishery biomass  (Reiss et al., 2009). In contrast, fishery species 
with limited migratory patterns, low genetic diversity due to closed recruitment or 
species with sessile or sedentary behavior, such as prawns (shrimps) and some crabs, 
can become self-replenishing within relatively well-defined ranges, and therefore 
appear to be more appropriate targets for restocking activities (Blaxter, 2000, Bell et al., 
2005, Taylor et al., 2017). 
Despite restocking being suitable for increasing spawning biomass in some 
fisheries, ABE has often failed to deliver on expected outcomes. The primary reason for 
failure in these programs appears to be related to a lack of: 1) clear objective(s); 
2) scientific understanding of target species biology; 3) integration into fisheries 




Molony et al., 2003, Bell et al., 2006, Blount et al., 2017). In a restocking programme 
for the blue crab (Callinectes sapidus) in Chesapeake Bay (USA), four key objectives 
were identified to achieve success in scientific advancement, economic feasibility and 
fisheries management application (Zohar et al., 2008). These objectives have been 
paraphrased below: 
1) Advance the understanding of the basic biology of the target species, including 
reproductive potential, morphological development, nutrition and genetic diversity. 
2) Develop aquaculture husbandry techniques for mass production of target species. These 
techniques should focus on sensitive life stage(s) with the highest natural mortality 
(typically larval stages) and release hatchery-reared individuals during more resilient 
life stages. Production of large numbers of solely recreational species for release may 
involve the adaptation of rearing practices from commercially produced species to meet 
the biological requirements of target species. 
3) Assess the feasibility of using hatchery-reared individuals to increase wild populations 
and determine whether ABE activities increase the breeding population so that increases 
may be self-sustaining. 
4)  If successful, determine how ABE may be incorporated as a management tool, along 
with traditional fisheries management measures, such as catch and size limits, etc. 
1.2 Release programs for prawns (=shrimp)  
Since 1964, several release programs for prawn species have occurred across the globe 
(Bell et al., 2005). Initially, releases were performed at mysis or post larval 10 - 20 
stage, ~20 - 30 days post hatch, which is commensurate with commercial aquaculture 




large-scale releases of prawns into wild marine fisheries that have occurred over 
relatively long timeframes are the release of the post larvae of Fenneropenaeus 
chinensis (formerly Penaeus orientalis) in China at a size range of 30 - 50 mm total 
length, and of Penaeus japonicus in Japan at 10 – 70 mm (Wang et al., 2006, Hamasaki 
and Kitada, 2013).  
The larger of these two releases was the stocking of F. chinensis in China. In 
1991, more than 4.8 billion post-larvae were released, with continued releases of more 
than 1 billion over a period of decades (Table 1.1). With sub-adult and adult prawns 
targeted for capture by fisheries, great economic benefit was obtained with a return on 
investment estimated to be between 5.6 and 8.5 times (Wang et al., 2006). This fishery 
is however, entirely dependent on large-scale releases from aquaculture due to the 
harvesting of stock at sizes too small to reproduce. Thus, this F. chinensis fishery is a 
form of sea ranching, i.e. put-grow-take, and not stock enhancement sensu (Bell et al., 
2008). For the stocking of P. japonicas in Japan, juveniles were initially stocked into 
the Seto Inland Sea in western Japan in 1964 (Hamasaki and Kitada, 2013). Stocking 
rates increased to approximately 300 million juveniles in 1977 with releases in several 
regions, but the number of restocked individuals declined over time, until the number 




Table 1.1 Releases of prawns conducted globally since 1964, adapted from (Bell et al., 2005) and Loneragan et al. (2006). 
Species (country/countries) Years Location and scale of release 
Scale of releases per 
annum (M = million, 
B = billion) 
Reference 
P. japonicus (Japan) 1964 onwards All Japan 200–300 M (Kurata, 1981, Fushimi, 1999, 
Kitada, 1999, Miyajima and 
Toyota, 2002, Tanida et al., 
2002) 
  Seto Inland Sea 100–150 M 
  Hamana Lake 2–11 M 
P. chinensis (China) 1980s onwards Bohai Sea 1 B (max = 2.2 B) 
(Liu, 1990, Xu et al., 1997, 
Wang et al., 2006) 
  Northern Yellow Sea 800 M Juv (max = 2.2 B) 
   300 M PL (max = 520 M) 
    Southern Shandong 800 M Juv (now 300 M) 
P. aztecus 1971–1974 Florida 16–52 M (Kittaka, 1981) 
P. setiferus, P. duorarum (United States)   3–137 M  
P. semisulcatus, P. japonicus, M. affinis 
(Kuwait) 1972–1978 Kuwait 4–25 M (Farmer, 1981) 
P. monodona (Taiwan, Sri Lanka) 1983–1984 Taiwan 6340 (Farmer, 1981, Su and Liao, 1999) 
 1995–1997 
Rekawa Lagoon, Sri 
Lanka 55,000–70,000 (Davenport et al., 1999) 
P. esculentus (Australia) 2001–2002 Exmouth Gulf, Australia 250,000 
(Loneragan et al., 2003, 
Loneragan et al., 2004) 
P. plebejus (Australia) 2007 - 2008 NSW coastal lagoons, Australia ~10.5 M 
(Taylor, 2008, Ochwada-
Doyle et al., 2011) 
M. dalli (Australia) 2013 - 2016 Swan-Canning Estuary, Australia ~4.7 M (Jenkins et al., 2017) 
 




also corresponded with a marked reduction in abundance, despite a reduction in fishing 
effort. It was concluded that the main impediment to sustainable recruitment was, in 
fact, the lack of suitable nursery habitat to support the natural recruitment of post-larvae 
and juveniles, (Hamasaki and Kitada, 2013).  
Since 2001, ABE research in Australia has included a focus on release programs 
of penaeids, starting with an assessment of the feasibility of enhancing the capture 
fishery for  Brown Tiger Prawns (Penaeus esculentus) in Exmouth Gulf in Western 
Australia (Loneragan et al., 2003, Ye et al., 2005).  The results from modelling studies 
indicated that the optimum release size was 10 mm CL and 1 g wet weight and 
estimated that 20 million juveniles need to be released to increase the catch by 100 t.  
More recently, research has shifted towards enhancing recreational fishing stocks of the 
Eastern King Prawn Penaeus (Melicertus) plebejus in New South Wales using 
4.0 - 4.6 mm carapace length (CL) juveniles, a species which is also caught 
commercially (Ochwada-Doyle et al., 2011, Taylor, 2017); and of solely recreational 
fisheries, such as the much smaller Metapenaeus dalli in the Swan Canning Estuary of 
Western Australia (Loneragan et al., 2013, Broadley et al., 2017). Aquaculture 
production of recreational species requires the adaptation of commercial aquaculture 
techniques and technologies to target species for large-scale production (Battaglene and 
Fielder, 1997, Loneragan et al., 2013). 
1.3 Biology of penaeids 
Approximately 29 species of metapenaeid prawns occur throughout nearshore and 




throughout Asia and into Oceania (Dall et al., 1990, De Grave and Fransen, 2011). In 
Australia, nine species of metapenaeids, five of which have commercial or recreational 
significance, are found in temperate, subtropical and tropical areas of Western 
Australia, Northern Territory, Queensland, New South Wales, and Victoria. These five 
species of commercial and/or recreational fishing interest occur in one or more of four 
zones (Fig 1.1). These species are typically found over finer sediments in rivers, 
estuaries and inshore waters to 50 m (Grey et al., 1983, Dall et al., 1990). 
 
Figure 1.1. Natural distribution of commercially and recreationally important Metapenaeus sp. Each 
species occurs in one or more of four zones along coastal Australia. In regions below 31˚S, 
Metapenaeus dalli occur exclusively in estuaries. Metapenaeus endeavouri is endemic to sub-tropical and 
tropical northern Australia (zone 2, 3), Metapenaeus ensis is found throughout Asia, northern and eastern 
Australia (zone 2, 3 and 4), Metapenaeus macleayi in tropical and sub-tropical Eastern Australia (zone 3, 
4), Metapenaeus bennettae in subtropical and temperate eastern Australia (zone 4) and Metapenaeus dalli 
from Cairns in the east to the Gulf of Carpentaria and down the western coastline to Cape Naturaliste 
(Zone 1) (Holthuis, 1980, Grey et al., 1983, Coles and Lee Long, 1985, Potter et al., 1986, Dall et al., 





In the early life history of penaeids, fertilized eggs drop to the sediment and hatch 
within 12 to 24 hours (Preston, 1985; Dall et al., 1990). From hatching, larval life lasts 
for less than two weeks depending on environmental conditions and is relatively 
complex. Metamorphosis occurs in three stages, i.e. Nauplius, Protozoea and Mysis, 
before reaching the post larval stage (Fig. 1.2). Each stage can include multiple 
substages, which are accompanied by ontogenetic changes in morphology, swimming 
and feeding behavior (Dall et al., 1990; Jones et al., 1997). These larvae remain in the 
planktonic form for up to two weeks before metamorphosing into more benthic 
juveniles (see Fig 1.2; Dall et al., 1990; Kailola et al., 1993).  
 
Figure 1.2. Generalised representative life-cycle of penaeids, from egg hatching through to adult showing 




Comprehensive studies of penaeid larval morphology from wild populations are 
limited due to difficulties associated with identifying individuals of each species in the 
natural environment and obvious difficulties associated with determining progression in 
morphological change. Thus, such studies are often combined with laboratory rearing 
studies to accurately identify the different larval stages for target species (Rao, 1973, 
Muthu et al., 1978, Dall et al., 1990). Larval development keys for the ecological 
assessment of some other Indo-West Pacific Metapenaeus sp. have been described by 
Jackson et al. (1989), however, no comprehensive comparison of congeners has been 
conducted. 
It is well known that the reproductive processes of prawns and other ectothermic 
organisms can be mediated by water temperature (Atkinson, 1994, Clarke, 2003, 
Angilletta et al., 2004, Lloyd-Jones et al., 2012). Growth of penaeids during the post-
larval and juvenile stages is generally considered to be rapid, but highly variable, lasting 
from one to six months before reaching the sub-adult stage, just prior to maturity. In 
tropical marine regions, penaeid prawns typically reach sexual maturity within six 
months after the release of the fertilized eggs (Coman and Crocos, 2003). After 
maturation penaeids become more fecund with increased size and reproduce at an 
increased rate, until senescence in their second year of life (Coman and Crocos, 2003). 
In species from temperate regions, such as Metapenaeus joyneri, both size at first 
maturity and peak reproduction of 0+ individuals occur at ~ 10-12 months, due to cold 
winter temperatures reducing growth rates during the juvenile and sub-adult stages (i.e. 
overwintering). As spring/summer water temperatures warm, growth in 0+ individuals 





1.3.2 Ovarian maturation and fecundity  
Ovarian maturation in penaeids has been divided into five distinct developmental 
stages, progressing from immature to early maturing, late maturing, mature and finally 
post spawning (King, 1948; Tuma, 1967). Traditionally, studies of the ovarian 
development in prawns used a combination of macroscopic observations of the gonad 
and qualitative histological descriptions of oogenesis, such as those described for 
Penaeus merguiensis, Penaeus penicillatus and Metapenaeus affinis, 
Farfantepenaeus paulensis and Penaeus monodon (Tuma, 1967, Ayub and Ahmed, 
2002, Peixoto et al., 2003, Peixoto et al., 2005).  
These macroscopic observations are then used to assess maturation rates of wild 
stocks (Potter et al., 1986, Courtney et al., 1989, Potter et al., 1989, Jackson and 
Rothlisberg, 1994). Due to the inability to quantify oogenesis histologically in these 
studies though, accurate determination of ovarian development has not been possible. 
This inability to make an accurate determination has hampered research into penaeid 
broodstock responses, both to environmental parameters (Crocos and Kerr, 1983, 
Courtney and Masel, 1997, Cha et al., 2004), and to laboratory experiments aimed at 
enhancing production in domesticated aquaculture stock (Medina et al., 1996, Bindhuja 
et al., 2013).  
Fecundity has been studied across many penaeids and related to morphometric 
characteristics such as carapace length or total length (see Dall et al. 1990 for a review). 




fecundity can range from 50,000 to 1,300,000 ova. However, much less research has 
been conducted on smaller species such as those from the genus Metapenaeus, despite 
their importance to recreational and commercial fisheries and aquaculture. Metapenaeid 
species that have had their fecundity described include M. bennettae, M. endeavouri and 
Metapenaeus ensis, M. joyneri and Metapenaeus monoceros. Fecundities of these 
species ranged from approximately 37,000 – 640,000 ova per individual (Courtney and 
Masel, 1997, Nandakumar, 2001, Cha et al., 2004).  
1.3.3 Environmental influences on movement of metapenaeids 
Increased rainfall and subsequent changes to salinity appear to influence the migration 
of metapenaeid prawns. In tropical areas, decreases in salinity caused by monsoon 
conditions can confine spawning activity to much deeper waters, as observed in 
M. endeavouri and M. ensis in the Gulf of Carpentaria and Metapenaeus kutchensis in 
northern India (Crocos et al., 2001, Deshmukh, 2006). In temperate latitudes of south 
eastern Australia, M. bennettae and M. macleayi reside in estuaries during the post 
larval, juvenile and sometimes sub-adult phases of the life cycle (Glaister, 1978, 
Courtney and Masel, 1997). During summer however, increased rainfall and fluvial 
flows within these estuaries contribute to movement into nearshore marine 
environments. Both M. bennettae and M. macleayi migrate to spawn in approximately 
marine salinities in coastal areas near the estuary mouth (Glaister, 1978, Coles and 




1.4 Aquaculture based enhancement of Metapenaeus dalli in the Swan-Canning 
Estuary 
The most recent example of ABE in Australia is for a solely recreational penaeid; 
M. dalli (Fig. 1.3) in the Swan-Canning Estuary, Western Australia (Broadley et al., 
2017).  
 
Figure 1.3. Female Western School Prawn (Metapenaeus dalli), caught in the Swan-Canning Estuary in 
south-western Australia. 
 
This species was once subject to a small commercial and iconic recreational fishery in 
the Swan-Canning Estuary, however, commercial catch numbers of M. dalli declined 
from ~15 tonnes in 1959 to approximately three tonnes in 1975, with recreational 
fishing effort far reduced since the early 2000’s (Jenkins et al., 2017, Tweedley et al., 




embayments from southern Java in Indonesia, across the northern Australia from Cairns 
in the east to the Gulf of Carpentaria and down the western coastline to Cape 
Naturaliste (Grey et al., 1983, Coles and Lee Long, 1985, Potter et al., 1986, 
Coles et al., 1993, Potter et al., 2015). Below latitude 31 ºS on the west coast of 
Australia, this species is considered an estuarine-resident species in Swan-Canning and 
the neighboring Peel-Harvey estuaries i.e., it is not found in the adjacent marine 
environments to these estuaries (Potter et al., 1986, Potter et al., 1989, Tweedley et al., 
2016).  
The Swan-Canning Estuary is a temperate, micro-tidal, wave-dominated estuary 
characterized by seasonal freshwater flows during winter, due to its Mediterranean 
climate (Tweedley et al., 2016, OzCoasts, 2017). This results in much higher salinity 
stratification under moderate freshwater flows, while both very high and low flows 
reduce stratification. These flows also result in highly-variable sediment composition 
throughout the estuary, with coarser sediments found in regions of high energy, such as 
tidal or fluvial channels, and finer sediments including high nutrient loads in low energy 
regions such as the lagoonal basins and fluvial deltas (OzCoasts, 2017). These regions 
where finer sediments exist are also characterized by both increases in primary 
production and benthic invertebrate numbers, though changes in diversity may occur 
with salinity changes (Twomey and John, 2001, OzCoasts, 2017).    
Historical records of fluvial flows in the Swan-Canning Estuary indicate a 
marked reduction has occurred, since the damming of Perth catchments was completed 
in 1940. The average annual inflow to Perth dams from 1975 to 2003 was 51 percent 




in flows have likely affected sediment size, condition and levels of hypoxia, which lead 
to significant eutrophication and anoxia from phytoplankton blooms within the estuary 
(Twomey and John, 2001, Hamilton et al., 2006). These conditions are known to affect 
growth, survival and habitat selection in prawns, and likely contributed to the lack of 
recovery by M. dalli stocks within the Swan-Canning Estuary, despite much lower 
fishing effort (Aziz and Greenwood, 1981, Wu et al., 2002). Augmenting stock numbers 
by ABE may increase the potential for recovering the M. dalli reproductive stocks, 
however this would also depend on the ability of the Swan-Canning Estuary to support 
the release of stock produced from aquaculture. 
1.5 Aquaculture of penaeids and adapting practices to Metapenaeus dalli 
From 2013, global aquaculture production of shrimps and prawns (~4.7 M tonnes) 
exceeded that of capture fisheries (~3.6 M tonnes). However, commercial fisheries and 
aquaculture of Metapenaeus sp. in 2013 accounted for a fraction of this yield 
(approximately 130,978 t), with about 50% coming from aquaculture (Table 1.2). To 
date, only three metapenaeid prawns (M. ensis, M. brevicornis and M. monoceros) have 
been cultured for commercial production, with an estimated 44,000 tonnes produced 
globally in 2011. This is significantly smaller than the global production of the penaeid 
Litopenaeus vannamei (3,289,317 tonnes) in the same year, which had the largest 
production of any species globally (FAO, 2017). An attempt was also made to cultivate 
M. macleayi; however, this species was determined to not be commercially viable for 
large scale aquaculture production in Australia (Department of Primary Industries and 




Table 1.2. Global commercial fisheries and aquaculture production of metapenaeid shrimp/prawns during 
the calendar year 2013. Data source FAO (FAO, 2017). 
 Production source Species Scientific name Tonnes 
 Fisheries  Endeavour Shrimp M. endeavouri 1,800 
 
Metapenaeus shrimps *nei Metapenaeus spp. 63,346 
 
Shiba Shrimp M. joyneri 1,154 
 
Speckled Shrimp M. monoceros 1,805 
 
Total Metapenaeus   68,105 
All shrimps/prawns Total fisheries catch  3,613,231 
 Aquaculture  Greasyback Shrimp M. ensis 155 
 
Metapenaeus Shrimps *nei Metapenaeus spp. 55,185 
 
Speckled Shrimp M. monoceros 7,533 
 
Total Metapenaeus   62,873 
 All shrimps/prawns Total aquaculture production   4,668,905 
*nei - denotes not enough information to identify species  
 
The low production of Metapenaeus species in commercial aquaculture 
compared to species such as L. vannamei and P. monodon can be attributed to two main 
factors. Firstly, many metapenaeid prawns (e.g. M. ensis) are smaller 
(31 mm CL = 140 mm TL) at maturity than species such as L. vannamei (192 mm TL) 
(Crocos et al., 2001, Ramos-Cruz, 2012). Secondly, some metapenaeid prawns are so 
restricted by sexual dimorphism at the asymptotic length (e.g. M. brevicornis 
maturation of males < 75 mm and females < 125 mm TL), that a marketable size cannot 
be attained in males (ASEAN, 1978). As a result, much of the aquaculture-applied 
research into metapenaeids has been restricted to laboratory-scale development. 
However, if investment in ABE for recreational fisheries was to increase, rearing 





For successful adaptation of aquaculture rearing techniques to M. dalli larvae, 
high survival rates should be achieved in conjunction with high development rates that 
limit the time larvae spend in the hatchery. This is important to reduce operating costs 
and limit exposure to disease outbreaks that are common in aquaculture systems 
(ASEAN, 1978). One of the major requirements for optimal growth and survival are 
stable isotonic and thermal conditions (Chu, 1991, D'Souza and Loneragan, 1999, 
Kumlu et al., 2000, Anger, 2003). High mortality has occurred during the larval stages 
under adverse physico-chemical rearing conditions in species such as M. bennettae 
(Preston, 1985), and P. semisulcatus (Kumlu et al., 2000). However, if conditions are 
favourable, growth rates remain high while mortality remains low. Of the three larval 
stages (Nauplius, Protozoea and Mysis), Protozoea appear to be the most sensitive to 
changes in temperature and salinity, and thereby provide an effective proxy for 
assessing suitable culture conditions for all larval and post-larval life stages (Preston, 
1985, Zacharia and Kakati, 2004).  
In addition to favorable physico-chemical conditions, survival, growth rates and 
rates of metamorphosis of feeding larval protozoea and mysis life stages are directly 
influenced by the nutritional composition and digestibility of feeds (Naranjo et al., 
1995, D'Souza and Loneragan, 1999). The nutritional quality of these feeds and 
subsequent water quality parameters ultimately determine the survival and development 
of these life-stages within densely-populated laboratory cultures. This is particularly 
important from the protozoea stage of development, as this is the point at which larvae 




transition to zooplankton and/or formulated feeds occurring in late mysis and/or post 
larval stages.  
In general, live microalgae are the best diet currently available, including 
artificial diets, for Protozoea and Mysis developmental stages in prawns (Chu, 1991). 
Mixed microalgae diets generally result in higher survival and greater development 
rates than mono-specific feeds (Kurmaly et al., 1989), indicating that larvae have a 
diverse nutritional requirement. Commercially grown Bacillariophycea for larval 
penaeid aquaculture, such as Chaetoceros sp., Skeletonema sp. and Thallasiosira sp. are 
considered important sources of fatty acids, particularly essential fatty acids (Brown 
et al., 1997, D'Souza and Loneragan, 1999, Conceição et al., 2010), while Chlorophyta, 
such as Tetraselmis sp., Dunaliella sp. and Chlorella sp., are cultured as a source of 
proteins and carbohydrates during herbivorous and omnivorous feeding (Brown et al., 
1997). Once taking the post-larval form, many penaeid prawns can be switched to 
formulated diets with great success, indicating a lesser requirement for knowledge on 
the feed requirements prior to release. 
1.6. Aims of this Thesis 
The overall aims of this Thesis were to address the gaps in understanding of the 
reproductive and larval biology required for successfully implementing ABE and 
monitoring of M dalli in the Swan-Canning Estuary. More specifically, detailed 
knowledge of reproductive biology (including comparisons with more extensively 
studied congeners) is required to understand the distribution of mature females and 




knowledge is required for two reasons: 1) to monitor the local distribution and seasonal 
abundance of breeding females and 2) to inform broodstock collection for the culture of 
M. dalli. Research on the hatchery cultivation of larval and early post-larval stages of 
M. dalli is also required to enhance the production and reduce costs for release. This 
requires a description of the larval development to quantify metamorphosis, which then 
informs rearing studies aimed at adapting larval rearing practices from commercially 
produced prawn species for large-scale production.  
 The more specific aims of the Thesis are: 
1)  Develop a method for the accurate identification of the ovarian developmental stages of 
female M. dalli, which may be applicable to other prawn species for subsequent use in 
broodstock selection and for monitoring programs of prawn stocks (Chapter 2).  
2) Determine the environmental and biological factors that influence the reproduction of 
M. dalli in the Swan-Canning Estuary. (Chapter 3)  
3) Describe the larval development of M. dalli (Chapter 4).  
4) Define the physico-chemical and dietary requirements of larval M. dalli in the 
laboratory to maximize growth, survival and dry weight (Chapters 5 and 6). 
The information from these studies provides the basis for determining whether the ABE 
of M. dalli is economically, environmentally and technically feasible for increasing its 






2.0 Quantitative determination of ovarian development in penaeids 
2.1 Introduction 
The Western School Prawn Metapenaeus dalli Racek, 1957 is a penaeid species that 
occurs in inshore marine waters < 30 m in depth, from southern Java (Indonesia) and 
along the coasts of Australia including far north Queensland and around Darwin in the 
north,  as well as the entire Western Australia coastline down to Cape Naturaliste in the 
south (Grey et al., 1983). In latitudes below 31 ºS however, it is only found in estuaries 
and is believed to complete its entire life cycle within these systems (Potter et al., 1986, 
Potter et al., 2015). This species was once the focus of a small commercial and iconic 
recreational fishery in the Swan-Canning Estuary in south-western Australia (Smith, 
2006, Smithwick et al., 2011), but sustained low abundances led to a reduction in 
commercial fishing effort and the eventual closure of that fishery in the 1970’s, and 
greatly reduced recreational fishing effort since the late 1990’s (Maher, 2002).  
Despite the overall reduction in fishing pressure on M. dalli in the Swan-
Canning Estuary, stocks have not recovered. An aquaculture-based enhancement 
program was attempted to overcome the long-term recruitment failure by bypassing the 
high mortality rate that often occurs in the early larval stages (Smith et al., 2007). The 
development of hatchery aquaculture techniques was initiated in 2012 and, to date, over 
4.5 million post-larval prawns have been released (Jenkins et al., 2017). While some 
information about the timing of reproduction and larval development in M. dalli is 




required to ensure that the most mature broodstock are used, which maximizes hatchery 
production of larvae.  
Understanding the reproductive biology of any penaeid species requires the 
description and quantification of oocyte development, known as oogenesis. Previous 
studies of penaeid oogenesis are often combined with observations of somatic changes 
in ovarian morphology with histological changes in approximate proportion, size and 
number of oocyte types. Oogenesis of a number of species have been described 
including Penaeus setiferus  Linnaeus 1767, Penaeus merguiensis  de Man, 1888 and 
Penaeus monodon  Fabricius, 1798 (King, 1948, Tuma, 1967, Tan-Fermin and 
Pudadera, 1989). Such is the value of these descriptions that some have been applied to 
ecological studies of closely-related species Penaeus (Melicertus) latisulcatus 
Kishinouye, 1896 Metapenaeus endeavouri Schmitt, 1927, Metapenaeus ensis  De 
Hann, 1844, Metapenaeus dobsoni Miers, 1878 and Rimapenaeus (Trachypenaeus) 
similis Smith, 1885 (Penn, 1980, Courtney et al., 1989, Bauer and Lin, 1994, De Croos 
et al., 2011). These descriptions have also been used in laboratory studies aimed at 
improving the reproductive potential of species such as M. ensis, Farfantepenaeus 
paulensis Pérez Farfante, 1967, Litopenaeus vannamei Boone, 1931  Penaeus 
esculentus Haswell, 1879 (Yano, 1985, Palaclos et al., 2003, Peixoto et al., 2005, Keys 
and Crocos, 2006). However, recent histological observations of oogenesis in two 
species namely Metapenaeopsis dalei Rathbun, 1902 and Metapenaeus monoceros 
Fabricius, 1798 have shown marked differences in development of oocytes compared to 
the aforementioned studies, particularly in the formation of cortical bodies during the 




2012). This highlights the need for target-specific histological descriptions of oocyte 
size and composition during development of each species of interest.  
Furthermore, histological observations of penaeid prawn broodstock responses, 
both to environmental parameters, and to laboratory experiments aimed to enhance 
production in domesticated aquaculture stock, have been limited by their inability to 
quantify their effects on oogenesis (Crocos and Kerr, 1983, Medina et al., 1996, 
Courtney and Masel, 1997, Cha et al., 2004, Bindhuja et al., 2013). In the past, a 
combination of macroscopic and histological descriptions of oogenesis of metapenaeids 
had been conducted by visual approximation only, such as those for Metapenaeus 
affinis Milne Edwards, 1837 (Ayub and Ahmed, 2002), but observations concurred with 
development in other penaeids (see Dall et al. 1990). For oogenesis to be precisely 
quantified, a microscopic method with replication at the cellular level is the only way to 
confirm changes in oocyte composition of gonads. For this to occur, two key factors 
must be addressed. Firstly, more precise methods of  measuring the dimensions of 
oocyte cells must be found than is currently available and, secondly, these measures 
should be applied to a standardized method of quantifying the biovolume contributions 
of each oocyte cell type in a given area or volume within the gonad.  
Cell size has traditionally been determined by taking single linear measures 
across a pre-determined axis at the equatorial plane with an ocular micrometer, with the 
equatorial plane defined as the largest possible two-dimensional area of a cell that 
included complete sections of nucleus in each cell (Peixoto et al., 2005). However, 
precise measurements are difficult to obtain using this method, due to the in-situ 




have been shown in studies of several penaeids, i.e. M. affinis, M. monoceros and 
P. merguiensis (Tuma, 1967, Ayub and Ahmed, 2002, Abraham and Manisseri, 2012). 
New methods would therefore require the use of modern technologies to precisely 
quantify changes in oocyte size and composition during oogenesis. Solving these 
problems offers new opportunities to examine whether ovarian development in penaeids 
is consistent across different regions, fisheries and/or species and also in determining 
the effects of laboratory treatments to enhance reproductive condition. 
With this in mind, the aims of this study were to (1) compare and contrast the 
ovarian development of M. dalli with other penaeids, to verify its use as a model 
species, by describing its morphological and histological changes during ovarian 
development, (2) use preserved histological samples of M. dalli ovaries to develop a 
more precise method for measuring oocyte dimensions and (3) further use preserved 
histological samples to develop a quantitative method of assessing the relationship 
between oogenesis and ovarian development in penaeid prawns. Such novel methods 
should improve the precision of measures of size, and quantify the number and relative 
composition of oocyte cells during maturation and subsequent recovery after spawning, 
allowing for more effective analysis of ovarian maturity in fisheries and aquaculture 
research.  
2.2 Material and Methods 
2.2.1 Collection of biological material 
Female specimens of M. dalli were collected at night from the shallow waters of the 




2015, using a hand trawl net that was 1.5 m high, 2.85 m wide and constructed from 
9 mm mesh. Upon collection, individuals were categorized using macroscopic 
observations into one of four stages of ovarian maturity, i.e. immature, early maturing, 
late maturing and mature on the basis of the descriptions in Ayub and Ahmed (2002). 
All prawns were chilled in an ice slurry until mortality, but not frozen to prevent 
potential damage to cells. A subset of those individuals whose gonads were classified as 
mature was first transferred to an aquaculture facility for spawning to demonstrate 
immediate effects on ovarian tissue of spawning/atresia i.e. the regression of acidophilic 
oocytes that have failed to be spawned, held under conditions modified from (Laubier-
Bonichon and Laubier, 1976). Briefly, on arrival the mature females were disinfected 
with a solution of 1 ppm formaldehyde for 30 minutes and placed in aerated holding 
tanks overnight (ASEAN, 1978). They were then stocked into 300 L conical base tanks 
with a flat mesh-lined floor at a density of up to 15 individuals per tank for 48 h. Tanks 
were filled with water with a salinity of 33 ‰ drawn from a bore accessing a saline 
aquifer, which was aerated constantly and maintained at a temperature of ~26 °C with 
0:24 h light: dark photoperiod. After spawning the females were transferred to an ice 
slurry as per the other individuals.  
2.2.2 Morphology and histology 
A subset of 25 individuals from each of the immature, early maturing, late maturing and 
mature stages together with 25 post-spawned individuals from the aquaculture facility 
was examined in the laboratory. Each specimen was weighed to the nearest 10 mg (wet 
weight) using a Sartorius A200S top balance and its carapace length, i.e. orbital indent 




using a Sontax 150 mm digital caliper. Ovarian tissue was then carefully excised and 
the Gonad Somatic Index (GSI) calculated using the following equation; GSI = (gonad 
weight / total weight) x 100. Subsamples of anterior or first abdominal sections of the 
excised gonads were immediately fixed before histological analysis for at least 48 h in a 
solution of tetraborate-buffered 10 % formaldehyde with ~33 ‰ salinity.  
 The fixed gonad samples were then embedded into paraffin block and 6 µm 
sections taken as per Bell et al. (1988). Sections were then stained with haematoxylin 
and eosin using the method adapted from Quintero and Gracia (1998). The resultant 
sections were then imaged using a Tucsen 9 MP camera mounted onto a compound 
microscope at 100 x magnification. The TSView 7 software package was used to 
download the images for analysis. Oocytes from these imaged samples were then 
characterized and compared to published histological descriptions (i.e. Tuma, 1967; 
Ayub and Ahmed, 2002). 
From these images, five oocytes of each type per slide were selected ad-hoc 
from 10 haphazardly selected slides and measured via two methods with ImageJ 1.48 64 
bit software, producing 50 measures of each cell type overall for each method. The first 
method was the traditional single linear measure to determine diameter (i.e. Ayub and 
Ahmed, 2002). In this study, diameter was measured parallel to the long axis of each 
mounted slide. The second method was the measurement of the external circumference 
by tracing the perimeter of each cell. Note that both measurements were taken as close 
to the equatorial plane as possible, with this plane being defined by those oocytes that 
showed the largest possible two-dimensional surface area and included complete 




this was defined as the largest possible area of cytoplasm that could be found with 
cortical bodies of uniform size and shape around the periphery.  
Measurements were made at the equatorial plane to ensure that only sections of 
whole cells were used. Partial sections of cells are often created as oocytes are contorted 
into non-geometric shapes by being compressed in the ovary. Each measurement was 
made on a digital image at 100x magnification then re-calibrated to µm using an image 
of a micrometer at the same magnification. Once perimeter measures were made, 
equivalent diameter and spherical biovolume were calculated using the following 
equations, assuming that oocytes released from gonads take on a spherical form. 
Diameter (sphere) = circumference / π 
Volume (sphere) = (4/3) x π x r3 
Where r = diameter / 2 
The diameters measured/calculated using the traditional linear measure and new 
perimeter method were compared to determine which technique provided the most 
consistent results, as demonstrated by the size of the 95 % confidence limits.  
2.2.3 Oocyte development 
The oocyte types present in each developmental stage were described visually from the 
images taken from the slides, as per traditional methods (i.e. Tuma, 1967; Ayub and 
Ahmed, 2002). The relationship between the relative proportions of each oocyte type 
present and the stages of development were then examined to determine trends in 




Images of each slide were uploaded to Adobe Photoshop CS6, where 400 x 400 
µm gridlines were applied. These dimensions were chosen on the basis that at least six 
replicate grids could be obtained from each slide for analysis. From this, three grid 
squares were haphazardly selected to enumerate each cell type over the two-
dimensional plane. This involved counting the number of oocytes of each cell type 
within each square, taking care to only include cells in, or near to the equatorial plane. 
Cells that overlapped grid boundaries were only considered when crossing the left or 
top sides of the nominated grid square(s), as adapted from the standard haemocytometer 
method of counting cells (ASEAN, 1978). 
Once each oocyte type was enumerated, the total biovolume for that type of 
oocyte in each replicate was calculated by multiplying the number of that oocyte type 
by its corresponding mean biovolume (see equation below). This was done to 
standardize the biovolume of each cell type in each replicate. Once calculated, the 
proportions of each oocyte type at each stage were compared and contrasted to 
determine the relationship between relative oocyte abundance and macroscopic stage of 
development. 
Total biovolume (oocyte type) = mean biovolume (oocyte type) x n(oocyte type) 
2.2.4 Statistical analysis 
A one-way Analysis of Variance (ANOVA) was used to determine whether carapace 
length and GSI differed among various stages of ovarian development. Analysis of the 
linear relationship between the loge mean and loge standard deviation of each data set 




assumption of homogeneity of variance for each of the above two data tests (Clarke 
et al., 2014). This analysis indicated that a square root transformation of GSI values 
were required, while carapace length required no transformation. When ANOVA 
detected a significant difference, post-hoc tests were conducted using Tukey’s HSD to 
elucidate the pairs of ovarian stages that were responsible for each of those differences. 
In this and all tests, a null hypothesis of no significant difference between a priori 
groups was rejected when p was < 0.05.  
 To determine which of the two methods for calculating cellular diameter (see 
above) was the most precise, the data for each of the five oocyte types was analyzed 
using multiple pairwise comparisons, via two-tailed F-tests. If a significant difference in 
magnitude of variance was detected, the magnitude of that difference was quantified by 
calculating the percentage change in variance from the single linear to the new 
perimeter method. All univariate analyses were performed using SPSS version 22 
software (IBM, 2013). 
Multivariate analysis to determine whether the percentage contributions of the 
biovolumes of each type of oocyte present (i.e. oocyte composition) differed among 
ovarian development stages was conducted using a one-way Analysis of Similarities 
(Clarke and Green, 1988) test using the PRIMER v7 software package (Clarke and 
Gorley, 2015). Prior to analysis, the percentage contributions of the biovolume of each 
cell type from each section were visualized using shade plots and an appropriate 
transformation selected using the criteria in Clarke et al. (2014). In this case, a square-
root transformation was used to avoid any tendency for the cell types to be excessively 




which was, in turn, subjected to the one-way ANOSIM test. To visualize the patterns 
exhibited by oocyte type among the 125 replicate samples, a non-metric 
multidimensional scaling (nMDS) ordination plot was constructed from the above 
resemblance matrix (Clarke, 1993). To simplify and further illustrate the histological 
differences between stages, a second (centroid) nMDS plot was produced using a 
distances among centroids matrix, which creates averages in the ‘Bray-Curtis space’ 
from the 25 replicate samples representing each stage (Lek et al., 2011). Stacked bar 
histograms, representing the untransformed percentage contributions of the various cell 
types were included to indicate which types of oocytes were responsible for the changes 
in cellular composition during each stage of oogenesis. 
2.3 Results 
2.3.1 Macroscopic observations 
The gonad in situ, from the dorsal carapace to the dorso-ventral section of the tail above 
the anus showed macroscopic changes among each of the five stages.  
Stage 1 (Immature). Gonad not visible through the exoskeleton, requiring dissection to 
observe. Gonad translucent in appearance and smooth textured, with the diameter in the 
mid-section smaller than the intestinal tract directly below. Anterior lobes present, 
although undeveloped.  
Stage 2 (Early maturing). Gonad visible through dorsal exoskeleton. Upon dissection 




lobes enlarged and extend forward into the carapace, while the posterior lobes greater in 
size than the intestinal tract.  
Stage 3 (Late maturing). Gonad now clearly visible through the exoskeleton, taking on 
a green granular appearance. Texture of the dissected gonad firmer and lobes nearly 
filled out. Anterior lobes fully-formed, but do not fill the carapace completely. An 
‘arrow head’ shape begins to form posteriorly in the final abdominal segment above the 
anus.  
Stage 4 (Mature). Gonad now clearly visible through the exoskeleton, expanding in 
size to occupy much of the carapace and a significant portion of the abdominal region. 
Upon dissection has a dark-green or green-brown granular appearance and a distinct 
‘arrow head’ formed in the posterior end.  
Stage 5 (Post spawning). Gonad either slightly visible or no longer visible through the 
exoskeleton. Upon dissection, gonad appears opaque white or white-yellow in colour 
and smooth in texture. A red hue present in some samples. 
2.3.2 Carapace length and Gonad Somatic Index  
Carapace lengths were shown by ANOVA to differ significantly among stages of 
development (F4, 124 = 11.84, p < 0.001), with Tukey’s post hoc test determining that 
immature and early maturing females had a smaller mean carapace length (~ 19 mm) 
than the late maturing, mature and post-spawned females (~ 21–22 mm; Fig. 2.1). 
Overlap in 95% confidence limits of some of the stages of ovarian development 
indicates that it is not well defined by carapace length.  A one-way ANOVA of the GSI 




(F4, 124 = 250.8, p < 0.001), with Tukey’s post-hoc test demonstrating that significant 
differences existed between all stages, except between early maturing and post 
spawning (Fig. 2.2). The mean GSI values increased sequentially from 0.58 when 
immature to a maximum of 6.90 when mature, followed by a sharp decrease at post 
spawning to 1.97.  
 
Figure 2.2. Mean carapace length of female Metapenaeus dalli at each of the five stages of ovarian 
development. Error bars represent 95 % confidence limits and the letters indicate significant differences 





Figure 2.3. Mean Gonad Somatic Index (GSI) values for female Metapenaeus dalli at each of the five 
stages of ovarian development. Error bars represent 95 % confidence limits and the letters indicate 
significant differences among stages as determined by Tukey’s HSD test. 
 
2.3.3 Observations of oocyte appearance  
Preliminary observations indicated that the arrangement of oocyte cells varied greatly 
between individuals within each stage of development, with the in situ observations of 
development indicating that oocyte cells migrate from the germinal zone (Fig. 2.3a) to 
the periphery of the ovary during development. Later, cell types such as yolky and 
cortical oocytes become bound by follicle cells just prior to spawning. Using the criteria 
defined by Ayub and Ahmed (2002), five types of oocytes, i.e. chromatin nucleolar, 
perinucleolar, yolkless, yolky and cortical, were identified in addition to follicle cells in 
haematoxylin and eosin stained ovarian sections. These cells showed a progression in 




tending to shift to acidophilic cellular material, staining red, during the later stages of 
ovarian development. Oocyte cells migrate away from the germinal zone (Fig. 2.3a) as 
they develop from chromatin nucleolar to cortical oocytes, leaving room for new cells 
to be produced. The appearance of each oocyte type is described below. 
Chromatin nucleolar oocyte (Fig. 2.3a). Constructed primarily of a densely basophilic 
nucleus, containing chromatin material in no particular arrangement. Cell has very little 
cytoplasm that is completely basophilic.  
Perinucleolar oocyte (Fig. 2.3a). Exhibits a densely basophilic nucleus with a larger 
basophilic cytoplasm. Basophilic nucleoli are arranged around the periphery of the 
nuclear membrane. Follicle cells appear to arrange themselves around the outside of 
some perinucleolar oocytes.  
Yolkless oocyte (Fig. 2.3b). Cytoplasm now clearly acidophilic, with nuclear 
membrane clearly defined.  
Yolky oocyte (Fig. 2.3c). Cytoplasm now exhibits acidophilic yolky ‘plates’ or granules 
that include cytoplasmic vesicles and/or cortical crypts. Chromatin material and 
nucleoli are much greater in number than the yolkless oocyte, resulting in the nuclear 
membrane becoming denser and less distinguishable. Each yolky oocyte has a layer of 
follicle cells surrounding each cell.  
Cortical oocytes (Fig. 2.3d). Nucleus appears absent or near absent. Cortical cells 
contain small oval-shaped cortical bodies arranged on the internal periphery of the 
cytoplasm at the cell membrane. These bodies are a defining characteristic of the mature 




Atreatic oocytes (Fig. 2.3e). Appear as remnants of acidophilic oocytes that failed to 
spawn, containing no cytoplasmic material or a nucleus.  
 
Figure 2.3. Representative photographs of haematoxylin and eosin stained oocytes of (a) immature, (b) 
early maturing, (c) late maturing, (d) mature and (e) post-spawning female Metapenaeus dalli at 250x 
magnification. Images of cells were taken at the ovarian development stage at which they first appear. FC 
= follicle cells, CR = chromatin nucleolar oocytes, PO = perinucleolar oocytes, GZ = germinal zone, N = 
nucleus, N’ = nucleoli, VES = cytoplasmic vesicles, CO = cortical bodies and AT = atreatic cell. Bar = 
50µm. 
 
2.3.4 Oocyte size and composition 
Pairwise comparisons of the size of each of the five types of oocyte measured using the 
single linear or perimeter method, conducted using two-tailed F-tests, demonstrated that 
in all cases there was a significant difference in the variance (Table 2.1). The perimeter 
method resulted in a 17 to 40 % reduction in the 95 % confidence limits of the 




Table 2.1. Mean diameters (µm) and ± 95% confidence limits of five types of oocyte present in the 
ovaries of female Metapenaeus dalli during ovarian development, calculated using single linear and 
perimeter methods. The significance values (p) of F-tests are provided together with the percentage 
reduction in confidence limits achieved using the perimeter method.  
Oocyte type Linear measure  Perimeter measure     p 
% 
reduction 
Chromatin 26.59 ± 1.78 23.32 ± 1.48 0.001 17 
Perinucleolar 55.46 ± 4.41 60.63 ± 2.96 0 33 
Yolkless 94.94 ± 6.31 102.69 ± 3.79 0.003 40 
Yolky 128.84 ± 6.95 131.79 ± 4.48 0.001 35 
Cortical 143.05+7.98 152.55 ± 5.55 0 30 
 
One-way ANOSIM detected a significant difference (Global R = 0.787, p = 0.001) in 
oocyte composition, with pairwise comparisons indicating that the contributions of the 
various cell types to each ovarian developmental stage were different in all stages, 
except between immature and post spawning (Table 2.2). This is illustrated on the 
nMDS plot where the points representing the gonads from immature and post spawning 
stages overlap considerably and are well separated from those points representing the 
other stages, which all form discrete groups (Fig. 2.4a).  
The centroid nMDS plot illustrates the clockwise progression in oocyte composition 
(Fig. 2.4b); with immature and post spawning ovaries comprised solely of chromatin 
and perinucleolar oocytes (Fig. 2.5). Although early and late maturing ovaries retained 
chromatin and perinucleolar oocytes, they were characterized by the presence of a 
substantial proportion of yolkless oocytes, with late maturing gonads also containing 
yolky oocytes and a low proportion of cortical oocytes. By the mature stage, the ovary 
is comprised almost exclusively of yolky and cortical oocytes. Following spawning, 




perinucleolar oocytes. Thus, oocyte compositions in immature and post spawning 
ovaries are almost identical. 
Table 2.2. Pairwise R statistic and significance level (p) values derived from a one-way ANOSIM of the 
square-root transformed percentage biovolumes of each type of oocyte from female Metapenaeus dalli in 
each of the five stages of ovarian development. Insignificant pairwise comparisons (p > 0.05) are shaded 
grey. 
 Immature Early maturing Late maturing Mature 
Early maturing 0.816    
Late maturing 0.901 0.427   
Mature 1.000 1.000 0.934  
Post spawning 0.018 0.833 0.903 1.000 
 
 
Figure 2.4. (A) Non-metric multidimensional scaling (nMDS) ordination plot derived from a Bray-Curtis 
resemblance matrix of the square-root transformed percentage biovolumes of each type of oocyte from 25 
female Metapenaeus dalli from each of the five stages of ovarian development. (B) Centroid nMDS 
ordination plot, derived from distance among centroid matrices constructed from the above Bray–Curtis 
resemblance matrix. Arrows on dotted lines indicate the progression in development of ovaries from 





Figure 2.5. Mean percentage contributions of the biovolume of each type of oocyte in female 
Metapenaeus dalli from each of the five stages of ovarian development. 
 
2.4 Discussion 
2.4.1 Macroscopic observations 
Macroscopic and histological observations of the gonads of wild-caught female M. dalli 
showed that the oogenesis was separated into five distinct developmental stages, 
progressing from immature, to early maturing, late maturing, mature and finally post 
spawning. This is similar to previous works on P. setiferus, P. merguiensis, 
Penaeus brasiliensis Latreille, 1817 and M. affinis (King, 1948, Tuma, 1967, Quintero 
and Gracia, 1998, Ayub and Ahmed, 2002). Macroscopic differentiation of maturity in 




development; however the gonad of immature and post-spawned individuals could not 
be distinguished from each other. The lack of differences in macroscopic observations 
for these two stages was due to the fact that the exoskeleton obscured the view of the 
gonad in situ, and that each gonad was relatively similar in size and colour. 
Differentiation of these stages was definitive only when gonad was excised and 
histological analysis was performed; with gonads taken from spawned individuals 
containing significant amounts of atreatic cells and extraneous material. Late maturing 
and mature gonads were considerably easier to distinguish externally through the 
exoskeleton in M. dalli than in P. brasiliensis, but are most consistent with findings 
from P. merguiensis and M. affinis (Tuma, 1967, Quintero and Gracia, 1998, Ayub and 
Ahmed, 2002). 
2.4.2 Carapace length and Gonad Somatic Index  
Strong significant differences were observed in the GSI between stages of ovarian 
development in this study (p < 0.001), with GSI increasing sequentially from a 
minimum when immature, to a maximum when mature, before declining after 
spawning. The mean GSI of the mature stage in this study (6.9 ± 0.6) was similar to that 
recorded in the neighboring Peel-Harvey Estuary (7.0 ± 0.4) during the 1987-88 
breeding season. The far greater F-value for GSI (250.8) than carapace length (11.84) 
indicates that GSI provides a more precise measure of ovarian developmental stage. 
Although it was possible to differentiate overall ovarian development based on carapace 
length (p < 0.001), post hoc analysis indicated that the five ovarian developmental 




versus late maturing to post spawning. This provides relatively poor discrimination 
between stages of ovarian development.  
The increase in carapace length with ovarian developmental stage is due to the 
fact that the breeding of M. dalli occurs during the warmer summer period (October-
March), which coincides with a significant increase in somatic growth rates (Potter 
et al., 1986; 1989). Carapace lengths of mature M. dalli in this study (22.3 mm) closely 
matched those of female Metapenaeus bennettae Racek and Dall, 1965 (22.4 mm) in 
Moreton Bay, Queensland (Courtney and Masel, 1997). It is interesting that the range of 
carapace lengths between late maturing to post spawning female M. dalli in this study 
(20.6 - 22.3 mm) are larger than corresponding values recorded in the neighboring Peel-
Harvey Estuary in 1987-88 caught under a similar sampling regime (17.9 - 20.7 mm; 
Potter et al. 1989). This demonstrates that, although the GSI of mature females is 
similar between these two systems, the size of individual females is greater in the Swan-
Canning Estuary. 
2.4.3 Oocyte size and development 
During ovarian development, distinct changes were observed in oocyte size and 
composition from the immature stage, through early and late maturation to the mature 
stage. At post spawning, the ovary was similar in appearance to that of the immature 
stage, however, the post-spawned ovary could be distinguished by the presence of large 
deposits of non-oocyte material and atreatic oocytes. While the changes in oocyte 
composition are consistent with those observed in M. affinis (Ayub and Ahmed, 2002), 




(Sakaji et al., 2000). This was due to the last two species containing oocytes without 
cortical bodies at the mature stage.  
Measurements of oocyte diameter using the new perimeter method were found 
to reduce the range of the 95% confidence limits by between 17 - 40% for each of the 
five oocyte types when compared to those calculated using the single linear method. 
This increased level of precision is particularly useful when quantifying the effects of 
spatial, temporal, nutritional and environmental changes on ovarian conditioning in the 
field and/or in the laboratory. The method developed in the current study would have 
enhanced findings by (Rao, 1973), who found considerable differences in oocyte size 
from wild caught M. dobsoni, P. indicus and P. stylifera from Cochin when compared 
to other parts of India. Similarly, findings by Ayub and Ahmed (2002), which compared 
oocyte sizes in M. affinis, P. indicus and P. stylifera from coastal waters off Pakistan, 
with similar environments in India, would have been more precise. In laboratory studies 
for aquaculture purposes, this quantitative method of assessing ovarian development 
can be applied to studies exploring the effects of altering food composition, physiology 
and/or rearing conditions in broodstock domestication. Quantitative analysis of these 
treatments on ovarian development in Penaeus kerathurus Forskål, 1775, F. paulensis, 
P. esculentus  and P. monodon  would have significantly enhanced the qualitative 
histological comparisons that were made (Medina et al., 1996, Peixoto et al., 2005, 
Keys and Crocos, 2006, Marsden et al., 2007).  
2.4.4 Ovarian oocyte composition 
Relationships between oocyte composition and ovarian development in this 




phase of the early and late maturing stages, with cortical oocytes making up the 
majority of cells present in the mature stage. This phenomenon has been described in 
several other studies and by Dall et al., (1990), but without any statistical analysis to 
support these claims. Thus, this study is the first to statistically demonstrate changes in 
oocyte composition with each developmental stage. Given the nature of the pairwise 
comparisons between stages analyzed histologically, and the absence of chromatin, 
perinucleolar and yolkless oocytes in mature gonads, it could be assumed that the final 
maturation process is rapid. Changes in GSI between late maturing and mature stages 
also support this assertion, indicating that much of the energetic and nutritional reserves 
during this period are bestowed to the oocytes, particularly lipids (Cahu et al., 1994), 
α-tocopherol and ascorbic acid (Cahu et al., 1995). Post-spawning absorption of atreatic 
oocytes and extraneous material in the gonad may act as a recovery mechanism to stave 
off mortality after spawning, allowing for recovery and repeated spawning, but 
additional environmental stressors may increase mortality during this sensitive period.  
2.5 Conclusion 
The novel method of determining the size of oocytes in the ovaries of penaeid prawns 
developed in this study showed a much greater precision than the traditional technique 
previously used. Having used these measures, multivariate statistical analyses were 
employed to describe the relationship between oocyte composition and ovarian 
development, resulting in the first quantifiable data to be obtained by any study of 
oogenesis for a penaeid. New opportunities now arise in the application of these 
methods in studies of the ovarian development in penaeids, with practical applications 




under the influence of alimentation, relatively different to what would be found in the 




3.0 Reproductive dynamics of Metapenaeus dalli in the Swan-Canning 
Estuary 
3.1 Introduction 
The managers and users of recreational fisheries often view aquaculture-based 
enhancement (i.e. the release of cultured juveniles into the natural environment) as a 
mechanism for enhancing the fishing experience and increasing their catch rates 
(Garlock & Lorenzen, 2017; Taylor, 2017). Such programs can be used to complement 
more traditional management mechanisms, such as spatial and temporal closures and 
size and bag limits. However, to maximize the potential benefits of aquaculture-based 
enhancements and ensure a sustainable fishery for the future,  extensive studies on the 
ecology and biology (in particular reproduction) of the target species are required 
(Lorenzen et al., 2010). 
Penaeid prawns (= shrimp) are typically short-lived, i.e. maximum ~2 to 3 years 
and reproduce well before their maximum size is attained (Hartnoll, 1985; Dall et al., 
1990). Environmental factors, such as water temperature and salinity, can influence 
activity, respiration rates and growth and therefore influence the timing and magnitude 
of reproduction (Clarke, 1987; Dall et al., 1990; Pillai & Diwan, 2002). In the tropics, 
prawns grow rapidly and typically reach sexual maturity within six months of eggs 
being released. (Crocos, 1987; Crocos et al., 2001). Reproduction continues until 
senescence at about 15 to 17 months of age. Although these species mature at around 
six months of age, egg production is far lower at this age than that in larger, older 
prawns at 10 to 12 months of age, due to smaller percentages of reproductive females at 




& Kirkwood, 1991; Coman & Crocos, 2003). In contrast, penaeids found in temperate 
environments, such as Metapenaeus bennettae Racek and Dall, 1965 and Metapenaeus 
macleayi Haswell, 1879 in eastern Australia, Penaeus latisulcatus Kishinouye, 1896 
and Metapenaeus dalli Racek, 1957 in south-western Australia and Metapenaeus 
joyneri Miers, 1880 in Korea, exhibit highly seasonal growth, which declines markedly 
during the cool, winter months. This results in delayed maturation and reproduction, 
which only occurs during the warmer summer months (Penn, 1980; Coles & 
Greenwood, 1983; Potter et al., 1986; Cha et al., 2004; Broadley et al., 2017).  
The location and timing of reproduction in prawns is also influenced by the 
seasonal patterns of rainfall and/or freshwater flow. For example, Metapenaeus 
endeavouri Schmitt, 1926 and Metapenaeus ensis de Haan, 1850 in the tropical, marine 
Gulf of Carpentaria, reproduce continuously throughout the year at depths of 20 to 60 
m. However, when monsoonal rains occur from November to April, reproduction is 
reduced and confined to the deeper waters from 40 to 60 m (Crocos et al., 2001). In 
species that inhabit temperate estuaries such as M. macleayi and M. bennettae, 
increased freshwater flow during the summer on the east coast of Australia leads to 
movement from estuaries into adjacent coastal marine waters, where most eggs are 
produced (Glaister, 1978; Courtney & Masel, 1997; Loneragan & Bunn, 1999). 
However, the reproductive characteristics of penaeids that reproduce within temperate 
estuarine environments, where marked seasonal changes in water temperature and 
salinity occur, are less well known. 
In Western Australia, M. dalli is known to inhabit estuaries below latitude 31˚S 




al., 1986). Reproduction of M. dalli in temperate estuaries occurs during the summer 
months (Potter et al., 1986; 1989), when rainfall and thus freshwater flow are low and 
salinity and temperature increases (Hodgkin & Hesp, 1998; Tweedley et al., 2016). 
Although previous studies identified the broad timing of reproduction of M. dalli in 
both the Swan-Canning (1980-82; 2013-15) and Peel-Harvey (1985-88) estuaries, the 
spatial and temporal patterns of abundance and reproduction were not comprehensively 
examined, nor were the fecundity and reproductive potential estimated (Potter et al., 
1986; 1989; Broadley et al., 2017).  
Historically, M. dalli  and P. latisulcatus formed the bases for commercial and 
recreational fisheries in the Swan-Canning Estuary. However, the total commercial 
penaeid catches declined greatly from the peak of ~15 tonnes in 1959 resulting in the 
closure of the fishery 1970s, while recreational fishing effort has also declined 
markedly since the 1990s (Smith, 2006). The causes of the decline in the population of 
M. dalli are not known, but may be related to over-fishing or changes in the 
environmental conditions in the Swan-Canning Estuary (Smith, 2006). Furthermore, the 
effect of environmental changes in the system on prawn populations and their lack of 
recovery since the substantial reduction in fishing pressure, are not known. To address 
this problem, a comprehensive study of the reproductive biology and ecology for M. 
dalli was initiated. 
The aims of this study were thus to: (i) describe the spatial and temporal patterns 
of abundance of female M. dalli, their size at maturity and timing of reproduction within 
the Swan-Canning Estuary; (ii) determine whether seasonal changes in salinity and 




of M. dalli; and (iii) estimate the population fecundity of M. dalli and investigate how 
this changes during the breeding period. The knowledge generated from this study 
provides valuable information detailing the reproductive dynamics of estuarine penaeid 
fisheries and how fishing regulations might be modified to provide further protection to 
the breeding stock and potentially rebuild the M. dalli population in the Swan-Canning 
Estuary, if fishing is the major cause of stock decline. 
 
3.2 Materials and Methods 
3.2.1 Study area 
The Swan-Canning Estuary, a wave-dominated microtidal estuary located in south-
western Australia (31°56′50″S 115°54′58″E), is ~50 km long and covers an area of ~55 
km2 (Valesini et al., 2014; OzCoasts, 2017). It is permanently connected to the Indian 
Ocean via a narrow entrance channel that opens into a lagoonal basin area and the tidal 
portions of the Swan and Canning Rivers (Fig. 3.1). Although most of the estuary is 
shallow, i.e. < 2 m in depth, it reaches a maximum depth of ~20 m near the entrance 
channel. The estuary and its catchment experiences a Mediterranean climate, with >70 
% of the rainfall occurring during cooler months between May and September (Hodgkin 
& Hesp, 1998; Hallett et al., 2017).  
During the course of this study, a restocking program was conducted, with ~4.65 




and autumn months between December 2012 and March 2016. The number released 
 
Figure 3.1. (a) Map of Australia showing the distribution of Metapenaeus dalli in nearshore marine 
waters (light grey) and solely in estuaries (dark grey). (b) Location of the 9 nearshore Subregions (grey 
dots with their designated Subregion in black numbers), 8 offshore Subregions (black dots with their 
designated Subregion in white numbers) and 5 regions (labelled on map in bold) as defined by Broadley 
et al. (2017). 
 
increased sequentially among years with ~15,000 in 2012/13, ~635,000 in 2013/14 and 
~2,000,000 in both 2014/15 and 2015/16 (Jenkins et al., 2017; Tweedley et al., 2017).  
3.2.2 Sampling procedure 
Prawns were sampled at two locations within 20 nearshore (< 2 m deep) and 16 
offshore sites (2-17 m deep) at night between ~18:00 and 01:00, on every new moon 
phase (moon <10 % illumination), between October 2013 and March 2016. The sites 




in the Swan and Canning rivers respectively. Sites were categorized into five broad 
regions in nearshore (which comprised 9 subregions) and four broad regions in the 
offshore waters (comprised of 8 subregions), respectively (Fig. 3.1). Nearshore waters 
were sampled using a hand trawl net that was 4 m wide and constructed of 9 mm mesh. 
This net had the same dimensions as a recreational prawning net, except for it was made 
of finer mesh (9 mm vs ≥ 16mm). Each hand trawl was 200 m in length and swept an 
area of ~570 m2. The offshore waters were sampled using a small otter trawl that was 
2.6 m wide and constructed of 25 mm mesh in the body and 9 mm mesh in the cod-end. 
The net was towed at an average speed of 1.6 knots (~3 km h-1) for 5 min, covering a 
distance of ~250 m (swept area ~650 m2). Prawns caught from October 2013 to 
December 2014 were euthanized in an ice slurry and transported to the laboratory for 
measurement (see below), except when a large trawl catch was made. A portion of these 
large catches was retained and the remainder of the catch returned to the water alive, 
with counts then scaled up accordingly. From January 2015 to March 2016, all retained 
prawns were counted, sized, sexed and presence or absence of a spermatophore 
identified (in females), before returning them to the water alive.  
During the first year of the study, the sampling regime in nearshore and offshore 
waters was repeated once under full moon conditions in each season. The catches of 
females in each water depth were subjected to three-way ANOVA to test whether they 
differed between Moon phases, taking into account Season and Region. Catches in 
nearshore waters were square-root transformed whereas those in offshore waters did not 
require a transformation. These analyses showed that Moon phase was not significant, 




P = 0.18 to 0.87). In contrast, Season, Region and the Season x Region interaction were 
significant (nearshore P = 0.001 to 0.025; offshore P = 0.001 to 0.005). These results 
indicate that Moon phase did not have a significant impact on catches in either the 
nearshore or offshore waters. 
The efficiencies of the hand and otter trawl nets have not been determined. 
However, a small beam trawl net was estimated to have an efficiency of 0.47 for 
capturing juvenile Penaeus semisulcatus De Haan, 1844 (Loneragan et al., 1995), while 
that for a large otter trawl and larger P. latisulcatus was between 0.30 to 0.51 (Joll and 
Penn, 1990). The size selectivity of the hand and otter trawl nets was not estimated. 
However, both nets caught small M. dalli: sizes in the hand trawl ranged from 1.0 – 
30.0 mm CL (modal size = 16.0 mm) while those in the otter trawl ranged from 1.0 – 
37.7 mm CL (modal size = 10.0 mm). Temperature and salinity were recorded at the top 
and bottom of the water column at each offshore site, on each sampling occasion, using 
a Yellow Springs Instrument 556 Handheld Multiparameter Instrument. Due to a boat 
engine malfunction in December 2014, catch data were not obtained from all offshore 
sites and thus data from this month were removed from all analyses. Water temperature 
and salinity values for the sites in each of the broad regions were averaged, to produce a 
single value for the surface and bottom waters of each region, on each sampling 
occasion. A stratification index (i.e. the difference between surface and bottom 
salinities) was calculated as per Jenkins et al. (2010) and also averaged for each region 
on each sampling occasion. 
Mean daily maximum air temperature and mean rainfall for each sampling 




respectively (Bureau of Meteorology, 2017), while freshwater flow data were obtained 
for both the Swan and Canning Rivers from the Water Information Reporting system 
(Department of Water and Environmental Regulation, 2017). These data were recorded 
in seven tributaries in the Swan River and three in the Canning River, ranging from ~0.5 
to 44.0 km and from ~3.5 to 15.0 km upstream from the uppermost sites in the Middle 
Swan and Upper Canning estuaries (Fig.3.1). 
For prawns that were retained in the laboratory, the carapace length (CL), i.e. 
the distance from the post-orbital margin to the dorso-posterior point of the carapace 
(± 0.01 mm) and wet weight (± 0.01 g) were measured and their sex recorded in the 
laboratory. A subset of individuals was also measured for total length (TL, n = 797), 
with measurements taken from the anterior tip of the rostrum to the posterior tip of the 
telson, and wet weight (see below). Females and males were distinguished by the 
presence of a thelycum and petasma, respectively. The presence or absence of a 
spermatophore on females was recorded. Gravid M. dalli, with ovaries showing 
macroscopic signs of being at the late maturing or mature stages, as described by Crisp 
et al. (2017a), were recorded.  
The CL and wet weight of a subset of 125 female M. dalli were recorded and the 
ovarian tissue of each individual carefully excised and weighed to ± 0.01 g. The 
histology of each gonad was then assessed and assigned to one of five stages of ovarian 
maturity, i.e. immature, early maturing, late maturing, mature or post-spawned, as 
described by Crisp et al. (2017a). Twenty five individuals were selected from each stage 
of maturity, except early maturing prawns (stage 2) to describe the relationship between 




analysis due to their potential to either develop to maturity, or regress to an immature 
state of development.  
3.2.3 Size at maturity 
The relationship between TL and CL was TL = 3.3189 x CL + 20.058 (r2 = 0.89, n = 
797, P < 0.001). The CL at 50% maturity (CL50m) was estimated from the relationship 
between CL and maturity, using a three parameter logistic regression. Stages of 
reproductive development were characterized as a binary response; with individuals 
with immature gonads assigned a value of 0, while those with late maturing, mature and 
post spawned gonad were given a value of 1. This method of determining maturity was 
modified from the method used by Broadley et al. (2017), by excluding females with 
early maturing gonads. Parameters of the logistic regression were as follows: 
Y = a/(1+(X/c) b),  
where Y is the proportion that were mature; X is the carapace length in millimeters; a is 
half the distance between the upper and lower asymptotes of X; b is the slope of the 
curve at a; and c is the point of inflection of the curve. 
3.2.4 Analysis of density data 
The numbers of male and female M dalli caught in each sample from nearshore and 
offshore waters were standardized to a density per 500 m2. The density of females that 
were considered reproductive, i.e. CL50m, were ≥ CL50 and had late maturing or mature 
ovaries macroscopically was calculated. Preliminary analysis showed that gravid M. 
dalli were found only in the six months between October and March (see also Broadley 




Initially, four-way Analyses of Variance (ANOVA) tests were used to determine 
whether the density of gravid M. dalli differed significantly among Year (fixed and 
three levels; 2013/14, 2014/15 and 2015/16), Month (fixed and six levels; Oct, Nov, 
Dec, Jan, Feb and Mar) and Subregion (fixed; 9 levels for the nearshore and 8 levels for 
the offshore, see Fig. 3.1), with Site nested within Subregion (random). Before these 
analyses, the distributions of the density data were examined to determine whether any 
transformations were required to meet the test assumptions of normality and 
homogeneity of variance (Field, 2009). This showed that no transformations were 
required. Separate ANOVAs were then undertaken for nearshore and offshore waters. 
As the Site within Subregion term was not significant in nearshore (P = 0.74) or 
offshore waters (P = 0.22), this term was removed, and the analyses were re-run as 
three-way ANOVAs, with Year, Month, and Subregion as the main effects.  
Two-way Generalized Linear Models (GLMs) were carried out separately on the 
densities of gravid M. dalli in nearshore and offshore waters to determine whether water 
temperature, salinity and/or stratification index accounted for a significant component 
of variation additional to that provided by Month and Subregion. As earlier ANOVA 
analyses had demonstrated that there was a significant and influential Year effect and 
the restocking program potentially influenced densities of M. dalli (see Results), the 
data for each year were analysed separately. Data for surface water temperature and 
salinity measured from the adjacent offshore sites (i.e. 60 to 400m offshore) were used 
as a surrogate for those in nearshore waters. The validity of this approach was 
investigated by comparing these data with temperatures recorded by loggers in the 




study (Department of Water and Environmental Regulation, unpublished data). The 
nearshore water temperatures were on average 0.18 °C warmer than those in the 
offshore waters, and showed no consistent trend across the sites and months, indicating 
that the offshore temperature data provide a reasonable proxy for those in the nearshore 
waters. Stratification index (SI) was included as a covariate in the GLMs of densities in 
offshore waters only. The relative influence of each term in each model was determined 
by the size of the mean square values and its percentage contribution to the total mean 
squares. Significant terms in each GLM with percentage mean squares below 10 % 
were considered low predictors and not investigated further. Where more than one 
significant term was found, Akaike’s Information Criterion (AIC, Akaike, 1973) was 
used to determine the most parsimonious model to describe the factors that most 
influence densities of gravid M. dalli.  
3.2.5 Estimation of fecundity 
The fecundities of 35 mature individuals of M. dalli, ranging from 18.1 to 27.1 mm CL 
and from 5.88 to 12.23 g wet weight, were estimated by gravimetric analysis of gonadal 
tissue. Subsamples of gonad, weighing 0.1-0.4 mg, were taken from gonads at an 
anterior lobe, the first abdominal segment and the last abdominal segment above the 
anus, following (Crocos & Kerr, 1983). Each subsample was then weighed to the 
nearest 10 µg and the oocytes counted under a compound microscope at 40 × 
magnification. Counts of the number of ova per gram were then compared among the 
three sections using one-way ANOVA to test whether the number of ova varied 
throughout the gonad, before estimating the mean fecundity per gram of gonad. This 




of the gonad (F2, 104 = 0.26; P = 0.77) and thus the mean ± 95% confidence limit 
fecundity per gram of gonad was 69,900 ± 7,500. 
The fecundity of each gravid M. dalli caught in this study was estimated as 
follows. Firstly, the relationship of carapace length (mm) to wet weight (g) was 
estimated from 1,366 Stage 4 (i.e. mature) females and used to estimate the wet weight 
of all gravid M. dalli caught by each method. The relationship between gonad weight 
(g) and wet weight (g) from 25 individuals from each of five different ovarian 
developmental stages (see above) was then used to estimate the gonad weight of the 
gravid M. dalli. Finally, the mean fecundity per gram of gonad weight for 35 mature 
stage females was calculated. This was then combined with the estimated gonad weight, 
to estimate the fecundity of maturing females at a given carapace length.  
The following relationships were determined:  
 (1) total wet weight in grams (y) and CL (mm) (x) of females: 
 y = 0.0037x2.4445; r² = 0.97, n = 1,366 
 (2) gonad weight in grams (y) and total wet weight in grams (x):  
 y = 0.0005x3.089; r² = 0.69, n = 125, and 
 (3) mean fecundity per gram of gonad weight (± 95% confidence limits):  
    80,000 ± 7,500, n = 35.  
The fecundity ranged from 34,000 (18.1 mm CL; 5.88 g total weight) to 132,000 ova 





The fecundity of the population was then estimated for nearshore and offshore 
waters in two steps. Firstly, mean egg production was calculated for each month in the 
breeding period. This was done by estimating the total eggs produced for each gravid 
M. dalli caught, based on CL, and converting carapace length to an estimate of wet 
weight. This was then converted to gonad weight and number of eggs produced. The 
total number of eggs produced by gravid M. dalli in each trawl was standardized to the 
egg production 500 m-2, with the fecundity over the course of each breeding period 
(annual egg production) calculated by sequentially adding each monthly estimate of egg 
production 500 m-2, from October to March for each breeding period. Note that the 
monthly estimates of egg production assume that each gravid M. dalli recorded will 
spawn before the next new moon ~28 days later. This assumption was made on the 
basis that M. dalli of similar ovarian condition spawned within ~48 h of transfer to an 
aquaculture facility, without the need for eyestalk ablation (Crisp et al., 2016; Crisp et 
al., 2017b; Jenkins et al., 2017). 
 
3.3 Results 
3.3.1 Environmental conditions 
Monthly mean maximum air temperatures ranged from 18.5 to 33.2 ˚C, with lower 
temperatures (< 20 ˚C) recorded in months between June and August (Fig. 3.2a). 
Monthly mean maximum air temperatures were much higher between October and 
November of 2015 (27 to 29 ˚C) and 2013 (24 to 30 ˚C), than in the same months of 




with greatest rainfall occurring from July to August, except in 2013 when September 
had the second highest monthly rainfall. Total annual rainfall in 2015 (578 mm) was 
lower than in the previous years (i.e. 621 and 704 mm in 2013 and 2014, respectively). 
Freshwater flow into the Swan River was much greater than that recorded in the 
Canning River (Fig. 3.2b), the former accounting for 84 % of the total flow into the 
Swan-Canning Estuary from April 2013 to March 2016. Total monthly discharge in 
September 2013 (111 GL) was the highest recorded during this study, though the month 
of peak flow varied among years; i.e. September in 2013, July in 2014 and August in 
2015. Freshwater flows were relatively low (< 5 GL per month) between November and 
April each year. In 2015, the year of lowest annual rainfall (578 mm), August was the 






Figure 3.2. Monthly (a) total rainfall (bars) and mean maximum air temperature (line) for Perth, Western 
Australia. (b) Total monthly freshwater discharge from the Swan and Canning rivers into the Swan-
Canning Estuary in gigalitres (GL) between April 2013 and March 2016 (Department of Water and 
Environmental Regulation, 2017). Rainfall data sourced from Perth Airport station and mean maximum 
air temperature data sourced from Midland station, Bureau of Meteorology website (Bureau of 
Meteorology, 2017).  
 
Water temperatures were highly seasonal, with lowest means in the austral 
winter and highest means in the summer of each year. The greatest variation in mean 
surface water temperatures was observed in the Upper Canning region, ranging from 




in the Middle Swan (February 2016) (Fig. 3.3 a, b). Mean surface water temperatures 
for October 2015 in the Middle Swan, Lower Canning and Upper Melville (~23 ˚C) 
were higher than for the same month in 2014 (~21-22 ˚C) and 2013 (20 ˚C; Fig. 3.3a). 
Similar seasonal trends were observed in bottom water temperatures, though winter 
temperatures were warmer than in the surface waters, with the Middle Swan ranging 
from ~15 (July 2014) to ~29 ˚C (February 2016; Fig. 3.3b).  
Changes in mean surface water salinity were also highly seasonal, ranging from 
~2 (July 2014) to 38.4 (March 2013) in the Upper Canning. Low surface salinities < 15 
in the Upper Canning persisted for longer in 2014 (6 months; May to October) than in 
2015 (3 months; August to October) (Fig. 3.3c). Mean surface salinities started rising in 
September/October each year and continued rising until December, when they were ~30 
in the Upper Canning and ~35 in Lower Melville Water. Salinities in the Lower and 
Upper Melville Water were consistently higher than those in the Canning and Middle 
Swan (Fig. 3.3c). Bottom salinities followed the same pattern as surface salinities, but 
did not fall as low (~10; Middle Swan, July 2014), or remain low as long as those on the 
surface (Fig. 3.3d). Bottom salinities in Lower Melville Water were consistently higher 






Figure 3.3. Average (a) surface and (b) bottom water temperature; (c) surface and (d) bottom salinity and 
(e) salinity stratification recorded every 28 days in the Swan-Canning Estuary between October 2013 and 
March 2016. Mean values of sites are grouped according to five regions defined by Broadley et al., 2017, 
including Lower Canning (LC); Lower Melville Water (LM); Middle Swan (MS); Upper Canning (UC); 





The mean Stratification Index (SI) ranged from ~0 (Lower Canning, February 
2014) to ~21 (Upper Melville Water, October 2013), with the highest values (> ~5) 
occurring one month after the maximum recorded freshwater flows (cf. Figs 3.3e, 3.2b). 
In 2015, the mean SI did not exceed 8 in any region (Fig. 3.3e). Mean SI values were < 
3 in each region between December and March each year, except for the Middle Swan, 
which recorded 6.5 in January 2016 (Fig. 3.3e). 
Table 3.1. Length at 50% sexual maturity assessed by mature gonads (L50m), insemination rates (L50in) 
and/or minimum length at maturity (Lmin) of female penaeids in the genera Artemesia, Metapenaeus and 
Penaeus. Length measures are defined by either total length (TL), carapace length (CL) or body length 
(BL) in millimetres (mm).  
Study Species L50m L50in Lmin Measure 
(Gerami et al., 2013) M. affinis 27.12 
  
CL 
(Courtney and Masel, 1997) M. bennettae 
  
14 CL 
This study M. dalli 18.95 
 
13.74 CL 
(De Croos et al., 2011) M. dobsoni 21.3 - 22.3 22.3 - 22.5  CL 
(Crocos et al., 2001) M. endeavouri 30 
  
CL 
(Crocos et al., 2001) M. ensis 31 
  
CL 
(Cha et al., 2004) M. joyneri 19.6 20.4 
 
CL 
(Chu, 1995) M. joyneri 
  
16.1 CL 
(Nalini, 1976) M. monoceros 
  
118 TL 
(Nandakumar, 2001) M. monoceros 
  
114 TL 
(Rao, 1989) M. monoceros 
  
116 TL 
(Courtney and Masel, 1997) P. esculentus   30 CL 
(Crocos, 1987) P. esculentus 32 
  
CL 
(Amanat and Qureshi, 2011) P. Indicus 133.3 
  
TL 
(Minagawa et al., 2000) P. japonicus 
  
130 - 140 BL 
(Penn, 1980) P. latisulcatus 
  
28 / 123 CL / TL 
(Crocos and Kerr, 1983) P. merguiensis 
  
23 CL 
(Qureshi and Amanat, 2014) P. merguiensis 155 
  
TL 
(Motoh, 1984) P. monodon 
  
44 CL 
(Cha et al., 2002) P. orientalis  39.19 38.71 
 
CL 
(Crocos, 1987) P. semisulcatus 39    CL 
      
 
3.3.2 Size of gravid Metapenaeus dalli 
The smallest gravid M. dalli had a CL of ~15 mm. The estimated proportion of gravid 




sexually mature, with estimated CL at 50% maturity (CL50m ± 95% confidence limit) of 
19.0 ± 1.0 mm (Fig. 3.4). The relationship between size at maturity and size in terms of 
CL was: 
CL50m = 1.043/(1+(CL/19.03) -21.3)  
The size at maturity of M. dalli was similar to that of M. joyneri (19.6 mm CL, Table 
3.1), which were lower than those recorded for other congeners (21 to 31 mm CL, Table 
3.1) and far lower than those estimated for species in the genus Penaeus (32 to 39 mm 
CL) (Table 3.1). The smallest mature M. bennettae recorded was 14 mm CL (Table 
3.1), indicating that its CL50m is also likely to be < 20 mm CL.   
 
Figure 3.4. Logistic regression curve of the carapace length at maturity of female Metapenaeus dalli 
collected from the Swan-Canning Estuary between October 2013 and January 2015. Dotted line 
represents the estimated CL at 50% maturity.  N = 100. Females (black dots) with immature ovarian 
development were assigned a value of 0, while, late maturing, mature and post spawned females were 





 Carapace length frequencies of gravid M. dalli, ranged from 16 to 27 mm, with few 
individuals > 27 mm. In 2013/14, only 32 gravid M. dalli were caught in nearshore 
waters compared to 199 in offshore waters, however far more were caught in nearshore 
(416) than offshore (242) in 2015/16. Greater numbers of prawns between 23 to 27 mm 
CL were caught in offshore than nearshore waters in 2014/15 (Fig. 3.5a, b). 
Figure 3.5. Carapace length frequency histogram of gravid Metapenaeus dalli recorded in (a) nearshore 
and (b) offshore waters of the Swan-Canning Estuary in each of 2013/14, 2014/15 and 2015/16.  
 
3.3.3 Density and timing of reproduction 
Numbers of all female M. dalli (gravid and non-gravid) 500 m-2 were much greater in 
offshore than nearshore waters, particularly between February and August. In nearshore 
waters, densities were generally greater from October to December than at other times 




July, with another peak around November (Fig. 3.6a). The mean CL of all females 
during each breeding period was always >14 mm CL. The mean CL was relatively 
constant and small (~12-13 mm) between April and September each year, increasing to 
a peak of ~20-24 mm in February/March, before declining rapidly. The mean CL of 
females in January and February 2014/15 (~17-20 mm) was markedly smaller than in 
the same months for the other two years (~23-24 mm; Fig. 3.6b). Generally, the ratio of 
female:male M. dalli was greater than 1 between April and November and < 1 between 
January and March, particularly in 2016 (Fig. 3.6c).   
Table 3.2. Mean squares (MS), percentage contribution of mean squares (% MS) and significance levels 
(p) for three-way crossed ANOVAs on the density500m-2 of gravid female Metapenaeus dalli in the (a) 
nearshore and (b) offshore waters of the Swan-Canning Estuary over three breeding periods from October 
to March in 2013/14, 2014/15 and 2015/16. df = degrees of freedom. Significant differences (p < 0.05) 
are highlighted in bold and those influential factors, i.e. a % MS > 10, are shaded in grey. 
(a) Nearshore waters  df MS %MS  p 
Main effects     Year 2 124.20 32.4 <0.001 
Month 5 68.88 17.9 <0.001 
Subregion 7 78.11 20.3 <0.001 
Interactions     
Year × Month 10 23.40 6.1 0.020 
Year × Subregion 14 23.88 6.2 0.005 
Month × Subregion 35 32.28 8.4 <0.001 
Year × Month × Subregion 70 22.19 5.8 <0.001 
Residual 504 10.93 2.8  
     (b) Offshore waters  df MS %MS  p 
Main effect     Year 2 19.09 10.1 0.017 
Month 5 113.48 59.9 <0.001 
Subregion 7 12.31 6.5 0.010 
Interactions     
Year × Month 9 9.41 5.0 0.034 
Year × Subregion 14 14.76 7.8 <0.001 
Month × Subregion 35 7.89 4.2 0.008 
Year × Month × Subregion 63 7.81 4.1 0.001 





A higher percentage of females larger than the size at maturity (i.e. CL > CL50m) 
was recorded between November and March/April (8.6 to 98.3 %) than between April 
and September (0.7-6.9 %). The proportions of mature size females were greater during 
the summers of 2013/14 and 2015/16 (typically > 90 %) than 2014/15 (55-70 %, 
Fig. 3.6d). No females were recorded with either maturing gonads or a spermatophore 
between April and September of any year, but in the late spring and summer, i.e. 
November to March, the percentage of mature size females that were gravid increased 
markedly to between 15 and 70 %, while those with a spermatophore increased to 
between 18 and 48 % (Fig. 3.6e,f).  
3.3.4 Density of gravid females among years, month and regions 
A three-way ANOVA demonstrated that densities of gravid M. dalli 500 m-2 in 
nearshore waters differed significantly among Year, Month and Subregion, with the 
greatest proportion of variation accounted for by Year (32.4 %), followed by Subregion. 
Although all the interactions terms were also significant, each interaction accounted for 
less than 10 % of the total variation. The mean densities of gravid M. dalli in nearshore 
waters were greatest in the 2015/16 breeding period (1.5 prawns 500 m-2), followed by 
2014/15 (1.1 prawns 500 m-2) and 2013/14 (0.6 prawns 500 m-2; Fig. 3.7a). The greatest 
densities occurred in November (1.9 prawns 500 m-2), followed by December (1.2 
prawns 500 m-2; Fig. 3.7b); and were highest in the Lower Canning Estuary (3.2 prawns 
500 m-2), followed by the Middle Swan Estuary (1.6 prawns 500 m-2). The mean 
densities in nearshore waters of all other regions were less than 0.8 500 m-2 (Fig. 3.7c).  





Figure 3.6. (a) Average density of female Metapenaeus dalli (500m-2) in nearshore and offshore waters; 
(b) mean + SE carapace length of females; (c) sex ratio (F:M); percentage of females that are estimated 
(d) mature (i.e. ≥ 18.95 mm CL); (e) mature and gravid and (f) mature and impregnated with a 
spermatophore recorded in the Swan-Canning Estuary every 28 days between October 2013 and March 
2016. Dashed line on (b) represents the carapace length at 50 percent maturity (CL50m; see Fig. 3.4) and 






Densities in offshore waters differed significantly among all main effects and all 
interacion terms. However, Month accounted for by far the greatest proportion of the 
variation in gravid M. dalli (59.9 %), with Year the only other term accounting for > 10 
% of the variation (Table 3.2b). The greatest mean densities of gravid M. dalli were 
recorded from the 2014/15 breeding period (1.5 prawns 500 m-2), despite sampling only 
being conducted in five of the six months (Fig. 3.7d). Gravid M. dalli were most 
abundant in offshore waters in November (3.2 prawns 500 m-2; Fig. 3.7e), in the Middle 
Canning Estuary (2.0 prawns 500 m-2; Fig. 3.7f).  
Table 3.3. Mean squares (MS), percentage contribution of mean squares (% MS) and significance levels 
(p) of two-way Generalized Linear Models of density 500 m-2 of gravid Metapenaeus dalli, caught in 
nearshore waters of the Swan-Canning Estuary, over three breeding periods from October to March in (a) 
2013/14, (b) 2014/15 and (c) 2015/16. Significant differences (p < 0.05) are highlighted in bold. 
 
Term df MS %MS p 
(a) 2013/14     
Water temperature 1 0.20 10.9 0.484 
Salinity 1 0.01 0.4 0.890 
Month 5 0.41 22.1 0.420 
Subregion 5 0.30 16.1 0.603 
Month × Subregion 25 0.52 28.5 0.180 
Residual 130 0.41 22.1       
(b) 2014/15 
    Water temperature 1 6.38 3.4 0.675 
Salinity 1 2.89 1.5 0.778 
Month 5 56.28 29.7 0.177 
Subregion 5 65.42 34.5 0.115 
Month × Subregion 25 58.51 30.9 0.044 
Residual 130 36.13        
(c) 2015/16 
    Water temperature 1 0.27 0.1 0.876 
Salinity 1 3.38 1.5 0.579 
Month 5 97.05 42.4 <0.001 
Subregion 5 73.15 32.0 <0.001 
Month × Subregion 25 54.96 24.0 <0.001 






Table 3.4. Mean squares (MS), percentage contribution of mean squares (% MS) and significance levels 
(p) of two-way Generalized Linear Models of density 500 m-2 gravid Metapenaeus dalli, caught in 
offshore waters of the Swan-Canning Estuary, over three breeding periods from October to March in (a) 
2013/14, (b) 2014/15 and (c) 2015/16. Significant differences (p < 0.05) are highlighted in bold. 
 
Term df MS %MS p 
(a) 2013/14     
Water temperature 1 27.65 36.3 0.003 
Salinity 1 0.34 0. 5 0.737 
Stratification Index 1 8.93 11.7 0.090 
Month 5 24.45 32.1 <0.001 
Subregion 7 6.40 8.4 0.049 
Month × Subregion 35 5.32 7.0 0.013 
Residual 141 3.07 4.0       
(b) 2014/15         
Water temperature 1 23.44 20.0 0.020 
Salinity 1 10.56 9.0 0.116 
Stratification Index 1 5.03 4.3 0.276 
Month 4 56.54 48.1 <0.001 
Subregion 7 5.07 4.3 0.305 
Month × Subregion 28 12.59 10.7 <0.001 
Residual 117 4.20 3.6       
(c) 2015/16     
Water temperature 1 0.85 0.7 0.706 
Salinity 1 7.72 6.6 0.258 
Stratification Index 1 41.98 36.0 0.009 
Month 5 30.13 25.9 <0.001 
Subregion 7 22.24 19.1 0.001 
Month × Subregion 35 7.63 6.5 0.164 
Residual 141 5.99 5.1  
 
In nearshore waters, neither surface temperature, nor surface salinity was 
significant in the two-way GLM models for any year. In 2013/14, no significant factors 
were detected, though it should be noted that the total numbers of gravid M. dalli in this 
year were very low (n = 32) (Table 3.3a). In 2014/15, the Month × Subregion 
interaction was the only significant term in the two-way GLM (% MS = 26.3, P = 
0.034; Table 3.3b). For the 2015/16 breeding period, Month (% MS = 40.5, P < 0.001), 
Subregion (% MS = 32.7, P < 0.001) and the Month × Subregion interaction (% MS = 




interaction for 2015/16 produced the most parsimonious model (AIC = 1217; AIC full 
model = 1238). 
In offshore waters, bottom water temperature was a significant covariate in two-
way GLMs in 2013/14 and 2014/15 (Table 3.4 a,b), while the stratification index was 
significant in 2015/16 (Table 3.4c). In 2013/14, Month, Subregion, and the Month × 
Subregion interaction terms were also significant, accounting for 83.8 % of the total 
variation with bottom water temperature (Table 3.4a). The most parsimonious model for 
the 2013/14 breeding period included water temperature and Month (AIC = 804, AIC 
full model = 869). In 2014/15, Month and the Month × Subregion interaction terms 
were also significant, accounting for 78.8 % of the total variation with bottom water 
temperature (Table 3.4b). The most parsimonious model included water temperature 
and the Month × Subregion interaction (AIC = 723, AIC full model = 781). In 2015/16, 
Month and Subregion were significant, accounting for 81.0 % of the total variation with 
stratification index (Table 3.4c) and these significant terms were fitted to the most 





Figure 3.7. Mean density of gravid Metapenaeus dalli 500m-2 in (a, d) the breeding period in each year, 
(b, e) each month of the breeding period (across years) and (c, f) each Subregion of the Swan-Canning 
Estuary (across months and years) in the nearshore (a, b, c) and offshore (d, e, f) waters. Error bars 
represent ± 95% confidence limits. Subregions in nearshore waters include: Estuary Channel (EC); North 
Melville Water (NM); South Melville Water (SM); Perth Water (PW); Middle Swan Estuary (MS); 
Lower Canning Estuary (LC); Middle Canning Estuary (MC); Upper Canning Estuary (UC); Canning 
Apex (CA). Subregions in offshore waters include: Estuary Channel (EC); Lower Melville Water (NM); 
Matilda Bay (MB); Upper Melville Water (SM); Perth Water (PW); Middle Swan Estuary (MS); Lower 






3.3.5 Population egg production 
 Most eggs were estimated to be produced between November and February in both 
nearshore (Fig. 3.8a) and offshore (Fig. 3.8b) waters, with very few eggs produced in 
October (< 3 % of total egg production in each breeding period). The total egg 
production in nearshore waters was much greater in the 2015/16 breeding period,   
Figure 3.8. Total egg production (cumulative fecundity) by female Metapenaeus dalli  500m-2 in (a) 
nearshore, and (b) offshore waters of the Swan-Canning Estuary in each month of the breeding period 
(Oct to March) in 2013/14, 2014/15 and 2015/16. Fecundity is described month-on-month for each 






(163,000 eggs 500 m-2), than in either 2014/15 or 2013/14 (34,000 and 16,000 eggs 500 
m-2 respectively; Fig. 3.8a). The trends in egg production in offshore waters were 
similar to those in nearshore waters, with totals being greater in 2015/16 than the other 
years. It should be noted that the total offshore egg production in 2014/15 is an 
underestimate because of the lack of samples from the offshore waters in December 
2014. In 2014/15, the estimated egg production in March in the offshore waters was < 
10 % of the total for this breeding period, but was much greater (22.52 %) in 2015/16. 
 
3.4 Discussion 
This three year study of the reproductive biology of female M. dalli in the Swan-
Canning Estuary was based on a consistent, spatially comprehensive sampling program 
in nearshore (< 2 m deep) and offshore (2-17 m deep) waters and supplemented with 
histological examination of the gonads at different stages of development. Data from 
this rigorous sampling regime and studies of gonad histology were used to identify the 
size at maturity, the timing and location of reproduction and for the first time, estimate 
the population fecundity for M. dalli in this temperate, microtidal estuary. The variation 
in distribution of gravid M. dalli during the breeding season (October to March) and the 
influence of salinity and temperature on distribution and abundance has also been 
investigated in each of the three years.   
3.4.1 Size at maturity  
Female M. dalli were estimated to reach maturity at a size of 19.0 mm carapace length 
(CL) and an approximate age of 10-12 months in the austral late spring and summer 




maximum asymptotic length for M. dalli of 33.6 mm CL (Broadley et al., 2017) and 
~62 % of the size of the largest female caught during the current study (34.7 mm CL). It 
is slightly larger (~2 mm) than the CL50m for M. dalli estimated by Broadley et al. 
(2017), who used only macroscopic gonad staging to estimate the CL50m.   
The CL50m estimated for female M. dalli in the current study was small 
compared to many penaeids (Table 3.1), including the co-occurring P. latisulcatus, 
which has a minimum size of maturity of ~30 mm CL, similar to the maximum 
asymptotic length of M. dalli (Penn, 1980; Potter et al., 1986; Broadley et al., 2017). 
Metapenaeids such as M. joyneri (Cha et al., 2004), M. bennettae (Courtney & Masel, 
1997) and Metapenaeus dobsoni Miers, 1878  (De Croos et al., 2011) each had similar 
CL50m to that of M. dalli. Two larger metapenaeids, M. ensis (CL50m = 31 mm) and 
M. endeavouri (CL50m = 30 mm), matured at a similar size to Penaeus spp. (Crocos et 
al., 2001), indicating two groups of metapenaeids may exist, based on the maximum 
size recorded. Comparisons of larval size between metapenaeids by Crisp et al. (2016) 
also indicate similar groups to those described above. 
3.4.2 Seasonal maturation  
The absence of gravid M. dalli from April to September coincides with periods of 
almost no growth during the late autumn and winter from April to August (Broadley et 
al., 2017), when water temperatures are < 17 ˚C throughout the estuary. This suggests 
that 0+ and 1+ M. dalli overwinter in the Swan-Canning Estuary (Broadley et al., 2017). 
Similarly, overwintering occurred in temperate populations of M. joyneri from the west 
coast of Korea and in P. latisulcatus in the marine embayment of Cockburn Sound, 




commenced when water temperatures increased above 17 ˚C, which lead to a single 
annual breeding period in these environments (Penn, 1980; Cha et al., 2004). This 
indicates that temperatures of ~17 ˚C may act as a threshold for growth and 
reproduction in metapenaeids and P. latisulcatus.  
Preference for the more stable, higher salinities in the spring/summer months in 
the Swan-Canning Estuary may also be a significant factor governing the main 
spawning time for M. dalli. During breeding periods, stratification was consistently < 3 
in regions with high catches, such as the Lower Canning Estuary. Reproduction in a 
congener, M. bennettae from eastern Australia, is also greater during more stable, 
higher salinity conditions. Several solely estuarine fish species (sensu Potter et al. 2015) 
found in the Swan-Canning Estuary also spawn at similar periods each year to M. dalli, 
including the gobies Favonigobius lateralis and Pseudogobius olorum and the atherinid 
Craterocephalus mugiloides, which spawn in the spring and summer months, while the 
sparid Acanthopagrus butcheri and the atherinid Atherinosoma elongata spawn slightly 
earlier, from September to November (Prince & Potter, 1983; Gill & Potter, 1993; Sarre 
& Potter, 1999). The spawning time of M. dalli and these fish species allows their 
fertilized eggs to develop in low flow conditions and be retained within the estuary 
(Potter et al., 2015; Tweedley et al., 2016). This time of more stable osmotic conditions 
may also lead to higher survival rates of penaeid larvae (Preston, 1985; Crisp et al., 
2017b).  
Early in each breeding period, a large proportion of reproductive females are 
small 0+ individuals and growth prior to breeding is a critical factor in determining the 




significant factor in both nearshore and offshore waters, with gravid M. dalli being most 
abundant in November, except for the nearshore in 2013/14, when low catches were 
recorded. Early in the breeding period (October to November) of each year, growth 
increases rapidly in response to the increasing water temperatures (Broadley et al. 
2017), and as a consequence, prawns reach the size at maturity by 
November/December. Water temperatures in these months were low in the 2014/15 
breeding period (Fig. 3.3a), and the mean female CL was only marginally above the 
CL50m from November until March, leading to lower percentages of gravid M. dalli and 
less egg production. In contrast, water temperatures in October and November of 2015 
were warmer than previous years, allowing females to reach the CL50 and spawn earlier 
than in previous years. It also provides them with an opportunity to mature and release 
eggs on more occasions than when the size at maturity is reached later in the breeding 
period. Laboratory studies of P. semisulcatus collected from the Gulf of Carpentaria on 
the northern coast of Australia, have shown that small, younger mature females 
spawned ~50 % less frequently (36.5 mm CL, 6 months; 0.76 spawnings month-1) than 
larger, older prawns (42.6 m CL, 12 months; 1.47 spawnings month-1; Crocos & 
Coman, 1997). Since the vast majority of gravid M. dalli in each breeding period are 0+ 
recruits (Broadley et al., 2017), their ability to spawn repeatedly during breeding 
periods is already limited. Consequently, the total population fecundity of M. dalli in 
the Swan-Canning Estuary may be further reduced in years when water temperatures 




3.4.3 Spatial variation in maturation 
The extent of freshwater flow and time that salinities start to increase and return to 
higher values, and the water column becomes less stratified, may influence the 
movement of gravid M. dalli between nearshore and offshore waters. For example, 
densities of gravid M. dalli in nearshore waters were far greater than in corresponding 
offshore waters in 2015/16, when freshwater flow was much lower in August and 
September 2015, than in previous years (Fig. 3.2b). Salinities increased earlier in 
2015/16 and the stratification declined faster, leading to greater numbers of gravid M. 
dalli in nearshore than offshore waters. Conversely, densities of gravid M. dalli were 
lower in nearshore than offshore waters in 2013/14 and 2014/15 when freshwater 
discharge was greater leading up to the November peak in reproduction. 
Densities of gravid M. dalli in nearshore and offshore waters were typically 
greatest in the Lower and Middle Canning Estuary, respectively whereas, few or no M. 
dalli were found in the Entrance Channel. During winter and spring, freshwater flow 
into the Canning Estuary was six times lower than that into the Swan Estuary. In 
addition, a weir upstream of the areas sampled in the Canning, is closed in July/August 
each year to prevent saltwater intrusion into wetlands upstream (Department of Water 
and Environmental and Regulation, 2017). As a result, freshwater discharge into the 
Canning River is further reduced at the beginning of the breeding period, leading to 
lower flows and higher, more stable salinities earlier in the breeding season than in the 
Swan Estuary. In contrast, the Swan River continues to experience far higher inputs of 




other environmental parameters such as salinity, water temperature, sedimentation and 
turbidity (Tweedley et al., 2016).  
3.4.4 Fecundity, size distributions and egg production 
Fecundity has been well studied across many species in the genus Penaeus (Dall et al., 
1990), particularly those in tropical habitats, where fecundity can range from 50,000 to 
1,300,000 ova per individual. However, despite their importance to recreational 
fisheries and commercial fishing, little information is available on the egg production of 
smaller prawn species, such as those in the genus Metapenaeus. The number of ova 
produced by female M. dalli increased with increasing body size and was estimated to 
range from ~34,000 to 132,000 ova per individual, which is relatively low compared to  
Table 3.5. Summary of the number of ova, given as the total fecundity per individual for the given size 
range for Metapenaeids. Length measures are defined by either total length (TL) or carapace length (CL) 
in (mm).  
Study Species length (mm) Measure Ova 
This study M. dalli 18.1 - 27.1 CL 34,000 – 132,000 
This study M. dalli 80.1 - 110.0 TL 34,000 – 132,000 
(De Croos et al., 2011) M. dobsoni 32 - 48 CL 37,000 – 641,000 
(Enomoto, 1971) M. dobsoni 34 CL 240,000 
Courtney, unpublished data  
(See Dall et al., 1990) M. endeavouri 45 CL 761,000 
(Cha et al., 2004) M. joyneri 20.5 - 30.2 CL 73,185 – 206,131 
(Deshmukh, 2006) M. kutchensis 132 - 194 TL 380,000 – 570,000 
(Nalini, 1976) M. monoceros 146 - 175 TL 157,800 – 348,300 
(Rao, 1989) M. monoceros 113 - 181 TL 51,684 – 402,378 
(Mane and Deshmukh, 2007) M. moyebi 68 - 112 TL 38,984 – 182,028 
 
the larger penaeids (Table 3.5). From the nine other documented studies of fecundity of 
metapenaeids, M. joyneri, M. bennettae and M. moyebi in temperate waters had similar 
sizes at maturity and number of ova per female to those recorded for M. dalli in the 
current study (Table 3.1). Other studies of M. endeavouri and M. ensis in sub-tropical 




production (assuming a relationship between ovarian size and ovarian weight) than 
those for the smaller Metapenaeus spp. (Table 3.1; Courtney et al., 1989; Courtney & 
Masel, 1997; Crocos et al., 2001). 
The data on size, size at maturity and stage of macroscopic development of M. 
dalli in the Swan-Canning Estuary indicated that the estimated population fecundity 
was far higher in the 2015/16 breeding period than the previous two years, particularly 
in nearshore waters. The 2015/16 breeding period had the greatest number and largest 
sizes of gravid M. dalli found over the three years (Fig. 6b, e). Despite the higher 
densities of gravid M. dalli in offshore waters in 2014/15 than 2015/16, their smaller 
sizes are probably responsible for the much lower estimate of population fecundity in 
this breeding period, even with an absence of values for December.  
3.4.5 Implications for managing M. dalli in the estuary 
3.4.5.1 Aquaculture-based enhancement of M. dalli 
Estimates of population fecundity for M. dalli in the Swan-Canning Estuary showed an 
increase in the number of eggs produced during the 2014/15 and 2015/16 breeding 
periods. This suggests that hatchery-reared juveniles of the 0+ cohort from each 
previous breeding period may have contributed to the spawning stock. However, 
without being able to distinguish wild and hatchery-reared M. dalli, it is not possible to 
attribute this to the restocking program alone. Because of the small size-at-release and 
moulting of crustaceans, it is not possible to use physical tags to determine recapture 
rates of stocked prawns. Non-invasive, genetic markers provide a potential “mark” to 




developed to some extent for Penaeus (Marsupenaeus) japonicus Bate, 1888, Penaeus 
esculentus and P.(Melicertus) plebejus (Jerry et al., 2004; Liu & Cordes, 2004; 
Loneragan et al., 2004; Chan et al., 2014). However, a greater number of markers would 
be needed for M. dalli than the above three Penaeus species, as the current culture 
practice for M. dalli involves collecting wild broodstock (Tweedley et al., 2017). This 
practice selects individuals carrying a spermatophore obtained from wild males and 
therefore the genotypes of the fathers of the hatchery-reared prawns are not known. 
Such a suite of markers could be used to determine whether the greater abundance and 
egg production during the restocking program can be attributed to the release of 
hatchery-reared individuals (Bravington & Ward, 2004).  
3.4.5.2 Recreational fishing regulations 
Currently, recreational fishing regulations for penaeids in the Swan-Canning Estuary 
permit fishing in nearshore waters throughout the year by hand netting only, and a 
combined prawn catch (i.e. M. dalli and P. latisulcatus) per person of up to 9 L day-1 
(Department of Primary Industries and Regional Development, 2017). Our results 
indicate that gravid M. dalli move into nearshore waters from October to December 
where they are exposed to recreational fishing. In previous aquaculture-based 
enhancements of Fenneropenaeus chinensis (formerly Penaeus orientalis) in the 
Shanghai and Zhejiang provinces of China (Wang et al., 2006), a lack of natural 
recruitment was attributed to overfishing and capturing hatchery-reared prawns before 
they spawned. As a result, the fishery was almost totally dependent on aquaculture-
based enhancement i.e. equivalent to sea ranching or a put-grow-take fishery (Taylor et 




from October until early December would allow significant aggregations of females to 





4.0 Larval Development of the Western School Prawn Metapenaeus 
dalli (Racek, 1957) Reared in the Laboratory 
4.1 Introduction 
The morphological development of many of the ~29 metapenaeids species, which occur 
exclusively throughout Indo-West Pacific (De Grave and Fransen, 2011, De Grave, 
2014), are yet to be fully described. The larval life of such species is short, less than two 
weeks depending on rearing conditions but is relatively complex. Larvae metamorphose 
through three stages, i.e. Nauplius, Protozoea and Mysis, before reaching the post larval 
stage (Dall et al., 1990). Moreover, each stage can also include multiple substages, 
which are accompanied with ontogenetic changes in morphology, swimming and 
feeding behaviour (ASEAN, 1978, Dall et al., 1990, Jones et al., 1997).  
Studies of larval morphology have traditionally been combined with laboratory 
rearing techniques, due to difficulties associated with developing reference material 
from the natural environment. Although genotypic identification has been developed in 
many penaeid species (Vaseeharan et al., 2013), and in Metapenaeus affinis H. Milne 
Edwards, 1837 and Metapenaeus dobsoni Miers, 1878 this method requires taxonomic 
identification of reference stock prior to development of genetic markers (Mishra et al., 
2009, Lakra et al., 2010). However, historical literature is often inconsistent in its 
reporting of the larval metapenaeid taxonomy required for such identifications. Species 
such as Metapenaeus ensis De Haan, 1844 (Leong et al., 1992, Ronquillo and Saisho, 
1993), Metapenaeus monoceros Fabricius, 1798 (Mohamed et al., 1979), 




et al., 1974, Hassan, 1980, Tirmizi et al., 1981), Metapenaeus joyneri {Miers, 1880 
#16}Miers, 1880 (Lee and Lee, 1968), Metapenaeus macleayi Haswell, 1879 and 
Metapenaeus bennettae Racek and Dall, 1965 (Preston, 1985) and 
Metapenaeus  brevicornis Milne Edwards, 1837 (Teng, 1971, Rao, 1979) have its larval 
development described (or partially described), however many of these lack 
descriptions of either whole appendages or the detail in the position, number and 
arrangement of setae on them. Characterising larval development in detail is crucial 
both for developing and comparing aquaculture rearing techniques and distinguishing 
between congeners with overlapping geographical distributions (Rothlisberg et al., 
1983, Jackson and Rothlisberg, 1994).  
One species that is yet to be described is the Western School Prawn 
Metapenaeus dalli Racek, 1957. This species is highly prized by recreational fishers and 
was once also the target for a commercial fishery within the Swan-Canning estuary 
before stock levels declined markedly (Smith, 2006, Smithwick et al., 2011, Tweedley 
et al., 2014). Most recently M. dalli has been targeted for restocking of the Swan-
Canning fishery. The distribution of this species is known to overlap with ten other 
metapenaeids namely M. affinis, Metapenaeus anchistus de Man, 1920, M. brevicornis, 
M. dobsoni, Metapenaeus elegans de Man, 1907, M. ensis, M. moyebi, 
Metapenaeus papuensis Racek and Dall, 1965, Metapenaeus endeavouri Schmitt, 1927 
and Metapenaeus suluensis Racek and Dall, 1965 (De Grave, 2014). Territorial ranges 
of M.dalli extend from southern Java in Indonesia, to within Australian waters from 
Darwin in the north, along the coastline of Western Australia to Cape Naturaliste in the 




latitudes above 31 ºS, it is only found in estuaries below this latitude and is believed to 
complete its entire life cycle within these systems (Potter et al., 1986, Potter et al., 
1989) and is thus regarded as a solely estuarine species (Potter et al., 2015).   
 The aims of this study are to i) provide a comprehensive, well documented and 
systematic description of the morphological development of three planktonic stages 
(Nauplius, Protozoea and Mysis) and the first benthic substage (post larva) of M. dalli; 
and ii) to compare and contrast discriminatory features with other previously described 
metapenaeids. 
4.2 Materials and methods 
4.2.1 Broodstock collection 
Gravid M. dalli were collected at night from the Swan-Canning Estuary (31°56′50″S 
115°54′58″E) in Perth , south-western Australia during March 2014, using a hand trawl 
net 1.5 m high, 4 m wide and constructed from 9 mm mesh. Retained individuals were 
disinfected with 1 ppm formaldehyde for 30 minutes, then immediately transported to 
the laboratory and placed in aerated holding tanks overnight (ASEAN, 1978). Females 
were stocked into 300 L conical base tanks at a density of up to 40 per tank for one to 
four days. The tanks were filled with seawater at a salinity of ~33 ‰ drawn from a bore 
through a limestone filter, accessing nearshore marine water, aerated constantly and 
maintained at a temperature of ~26 oC. The base of each tank was fitted with a fine 
grate that allowed eggs to pass through, separating them from broodstock to prevent any 
potential cannibalism. After spawning, eggs were collected on 48 µm and 63 µm 




filtered seawater. Egg viability was assessed both visually and by hatch rate, with 
greater than 75 % hatch-rate considered suitable for use in the study (FAO, 2007). 
4.2.2 Larval culture 
After spawning, hatched Nauplii were collected and stocked at 250 Nauplii L-1 
(D’Souza and Kelly, 2000) in three 6 L flat bottom cylinder glass culture vessels with 1 
µm filtered seawater. Temperature was maintained at 26 ± 0.5 oC by housing culture 
vessels in 115 L temperature-controlled water baths, heated with pre-calibrated Eheim 
Jager 150 W aquarium water heaters and monitored with Thermocron TCS temperature 
loggers every 10 minutes. Salinity was monitored daily using an ATAGO PAL-03S 
digital refractometer. Vessels were exposed to 3.5 µmol photons m-2 s-1 white incidence 
light with 12:12 h light:dark photoperiod. The larval cultures were aerated from the base 
to provide vertical mixing as well as oxygenation.  
When the larvae reached Protozoea I, culture vessels were fed two microalgae 
strains obtained from Australian National Algal Culture Collection, CSIRO Marine and 
Atmospheric Research Hobart, Tasmania. A chlorophyte Tetraselmis chuii (CS-26) and 
a diatom Chaetoceros muelleri (CS-176) were fed in a daily ration at a density of 
3 x 104 cells mL-1 and 9 x 104 cells mL-1 respectively. Both cultures were maintained 
under 12:12 h light:dark photoperiod with 180 µmol photons m-2 s-1 white incidence 
light from fluorescent lights, in 15 L culture vessels with ambient salinity of ~33 ‰ and 
~25 oC temperature. Each species was cultured in Guillard’s F2 medium, with sodium 
metasilicate added at 30 g L-1 for the diatom C. muelleri (Guillard and Ryther, 1962). 
To avoid carbon limitation, food grade CO2 was injected and maintained at a pH of 7.4-




water with a neubauer haemocytometer until the post larval stage. The volume of water 
in the culture vessels was topped up to 6 L daily with a combination of microalgae feed 
and fresh seawater. The gut contents of the larvae were also briefly examined 
microscopically to confirm that the algal cells were being ingested (D'Souza and Kelly, 
2000).  
 
4.2.3 Sampling frequency, fixing, staining and measurements 
Routine sampling commenced when the newly hatched Nauplii were transferred from 
spawning tanks to the 6 L culture vessels and continued every 6 h until Protozoea I 
larvae were observed at ~48 h. Samples were then taken every 24 h until post larvae I 
was observed after ~12 days. At each sampling period, single 200 mL subsamples were 
taken from each culture vessel, screened over 43 µm nytal mesh and subsequently fixed 
in 10% tetraborate-buffered formaldehyde, until staining and mounting occurred. 
Fixed samples were initially removed from tetraborate-buffered formaldehyde 
and placed into polyvinyl lactophenol (PVL) medium (Gray and Wess, 1950) with a 
few drops of 1% Chlorazol Black E stain for 24-48 h before examination, following the 
methods described by Rothlisberg et al. (1983). Samples were then removed from PVL 
stain medium and placed into fresh PVL medium on a single concave slide for 
examination under a Leica Dialux 22 compound microscope. Transverse imagery was 
taken with a top-mounted Tucsen 9 MP camera and downloaded with TSView 7 
software. Images were then traced by hand and scanned for digital labelling and 
placement in Figures. For each figure, Adobe Illustrator CS6 was used to refine the 




minimum of fifteen individuals were examined to describe morphological features, with 
ten individuals measured for mean ± SD total length and carapace length. 
Measurements were calculated using the ruler tool in Adobe Photoshop CS6, with 
calibration determined by images of a micrometer. Total length measures were taken 
from the most anterior point of the carapace excluding appendages to the most posterior 
tip of the tail, excluding spines; carapace length was taken from same anterior point to 
the posterior end of the carapace.  
4.2.4 Identification of taxonomic characters 
Stages of larval development and taxonomic characters of individual appendages were 
identified using descriptions by Leong et al. (1992) and by Dall et al. (1990). 
Approximate appearance of larval stages Nauplius (Fig. 4.1a - b), Protozoea (Fig. 
4.1c - d) and Mysis and post larva (Fig 1e - f) and location of individual appendages 
with labels is shown below (Fig. 4.1).  
Setae arrangement across appendages was generally given from the distal to the 
proximal end (outer most to inner most), with the most distal point considered as 
terminal end. One exception was for the first antennae from the Protozoea stage 
onwards, where it was defined from the proximal to the distal end. This was due to the 
change in the morphology of the coxa and basis affecting continuity of the descriptions. 
Where setae were arranged across multiple segments or lobes, arrangement was given 
as the number of setae per segment. For example, arrangement for a four-lobed 
appendage was given as a+b+c+d setae from distal to proximal. Descriptions of 




position of the incisor and molar processes, along with the position of teeth are also 
shown in Figure (4.1g). Molars were identified as broad oval-shaped grinding plates 
covering half of the mandible process, incisors as large claw-like peaks in the process at 
the extremity to the molar and teeth as smaller bristle-like processes between the incisor 
and molar process. 
 
Figure 4.1. Morphological characters of penaeid larval stages adapted from Dall et al., (1990); (a) 
Nauplius I dorsal view; (b) Nauplius I lateral view; (c) Protozoea II dorsal view; (d) Protozoea II anterior 
section ventral view; (e) Mysis and post larva I lateral view; (f) Mysis and post larval tail fan (g) Right 
mandible process of Protozoea, Mysis and post larva substages. Abbreviated labels include: End, 
endopod; Ex, exopod; 1st Ant, first antenna; 2nd Ant, second antenna; Mn, mandible; Rst sp, rostral spine; 
Ab somite, abdominal somite; 1st Mx, first maxilla; 2nd Mx, second maxilla; 1st Mxp, first maxilliped; 2nd 
Mxp, second maxilliped; 3rd Mxp, third maxilliped; 1st per, first pereiopod; 3rd per, third pereiopod; 5th 






4.3.1 Duration of larval development 
The larval development of M. dalli comprised six Naupliar, three Protozoea and three 
Mysis stages before metamorphosing to the post larval stage. The development lasted 
~12 days in total under the conditions used in this study, with various time frames for 
each sub stage and their total and carapace lengths given in Table 4.1.  
4.3.2 Description of larval development 
4.3.2.1 Nauplius 
 Morphological development during this stage can be subdivided into six Naupliar 
substages (Figures 4.2-7). Both body and appendage forms are relatively consistent, 
with an eyespot present prior to the development of stalked eyes in Protozoea II 
substage. Identifiable changes are apparent in abdominal shape, mandible protrusion 
and the number and type of setae. Posterior end morphology is distinct, with a median 
notch from Nauplius V onwards separating two groups of spines exhibiting bilateral 
symmetry. Body length also increases through development. 1st antennae consist of a 
uniramous appendage, 2nd antennae and mandible are both biramous. Each appendage is 







Table 4.1. Approximate length and duration of larval substages in the development of M. dalli, from 
hatching through to Post larvae I under conditions used in this study (see methods). Nauplius duration is 
given as time taken to complete all six substages only. 
Larval stage Substage 
Approximate 
duration (days) 
Total length  
(mm + SD) 
Carapace length 
(mm + SD) 
Nauplius I 
 
0.300 + 0.017  
 II  0.302 + 0.016  
 III  0.310 + 0.023  
 IV  0.370 + 0.022  
 V  0.401 + 0.019  
 VI 2 0.405 + 0.019  
Protozoea I 1 0.746 + 0.034 0.348 + 0.012 
 
II 1 1.178 + 0.091 0.462 + 0.043 
 
III 2 1.824 + 0.069 0.720 + 0.031 
Mysis I 1 2.422 + 0.090 0.862 + 0.027 
 
II 1 2.557 + 0.079 0.869 + 0.028 
 
III 2 2.81 + 0.067 0.899 + 0.027 
Post larvae I 1 2.984 + 0.060 0.913 + 0.022 
 
Nauplius I (N I) 
N I (Fig. 4.2a) trunk semi-ovoid, anterior half enlarged, posterior end rounded with two 
spines, all setae are simple.  
1st antenna (Fig. 4.2b) five segmented, with four terminal setae and seta on 3rd, 4th and 
5th segments.  
2nd antenna (Fig. 4.2c) biramous, coxa two-segmented, basis unsegmented with seta; 
endopod three-segmented with two terminal setae, seta on 2nd and 3rd segments; exopod 
four-segmented with three terminal setae, two setae at join to 2nd segment and seta at 
join to 3rd segment.  
Mandibles (Fig. 4.2d) biramous, coxa and basis unsegmented; both endopod and 
exopod two-segmented, each have two terminal setae and seta laterally on 1st segment.  
 
Nauplius II (N II) 




1st antenna (Fig. 4.3b) has four terminal setae, two setae on 3rd segment, seta on 4th and 
5th segment. Longest terminal seta is plumose, all others are simple.  
2nd antenna (Fig. 4.3c) coxa and basis as per N I; endopod has two terminal plumose 
setae, simple seta on 2nd and 3rd segment; exopod has three terminal plumose setae and 
simple terminal seta, plumose seta at joins of 2nd and 3rd segments.  
Mandibles (Fig. 4.3d) setal position unchanged from N I, setae are plumose. 
 
Figure 4.2. Metapenaeus dalli Nauplius I ventral view(a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 
Endopod (End.) and exopod (Ex.) denoted on 2nd antennae and mandible. Scale bar = 0.1 mm. 
 
Nauplius III (N III) 
N III (Fig. 4a) Posterior has four spines, outer-most exhibiting a claw shape. Inner 
spines are one third longer than N II.  
1st antenna (Fig. 4b) four terminal setae, longest two terminal setae are plumose, three 
simple setae on 3rd segment, simple seta on 4th segment.  
2nd antenna (Fig. 4c) coxa, basis and endopod as per N II; exopod has three terminal 
plumose setae, one is bi-furcated, a simple terminal seta, two plumose setae on 2nd 




Mandible (Fig. 4d) Mandibular protrusion forms on basis; endopod and exopod as per N 
II.  
 
Figure 4.3. Metapenaeus dalli Nauplius II ventral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 
Scale bar = 0.1 mm. 
 
Nauplius IV (N IV) 
N IV (Fig. 4.5a) trunk is elongated, with two groups of four spines posterior. Two 
longest spines being twice as long as those in N III.  
1st antenna (Fig. 4.5b) six segmented, four terminal setae, longest two terminal setae 
plumose, simple seta at join of 3rd and 4th segment and simple seta on 4th, 5th and 6th 
segments.  
2nd antenna (Fig. 4.5c) endopod four segmented, three terminal plumose setae, simple 
seta at join of 2nd, 3rd and 4th segments; exopod five segmented, three terminal plumose 
setae, one is bi-furcated, simple terminal seta, plumose seta on 2nd segment, two 
plumose setae on 3rd segment. 





Figure 4.4. Metapenaeus dalli Nauplius III ventral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 




Figure 4.5. Metapenaeus dalli Nauplius IV ventral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 







Nauplius V (N V) 
N V (Fig. 4.6a) posterior trunk elongated with median notch forming in the posterior 
end, separating two groups of spines. Each group has two plumose spines and four that 
are simple. Abdominal section (i.e. below mandible) now exhibits precursory 
appendages of later stages of development. 
1st antenna (Fig. 4.6b) has three terminal plumose setae, one simple terminal seta, 
simple seta at joins of 2nd, 4th, 5th and 6th segments. 
2nd antenna (Fig. 4.6c) endopod has three terminal plumose setae, one simple terminal 
seta, simple seta on 2nd and 4th segments; exopod has four terminal plumose setae, one 
is bi-furcated, plumose seta at joins of 2nd 3rd and 4th segments.  
Mandible (Fig. 4.6d) unchanged from N IV. 
 
Figure 4.6. Metapenaeus dalli Nauplius V ventral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 






Nauplius VI (N VI) 
N VI (Fig. 4.7a) trunk as per N V, but with more precursory appendages in the 
abdominal section. Posterior end now exhibits three terminal plumose spines and three 
simple spines on each side of the median notch. 
1st antenna (Fig. 4.7b) has four terminal plumose setae, plumose seta at joins of 2nd, 4th, 
5th and 6th segments. 
2nd antenna (Fig. 4.7c) endopod has three terminal plumose setae, simple seta at joins of 
3rd, 4th and basis segments; exopod has two terminal plumose setae, plumose seta at join 
with 2nd segment, two plumose setae at join to 3rd segment, plumose seta on 3rd and 4th 
segments, one simple seta on 5th segment. Bi-furcation is now lost on terminal seta. 
Mandible (Fig. 4.7d) unchanged from N IV. 
 
Figure 4.7. Metapenaeus dalli Nauplius VI ventral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible. 
Scale bar = 0.1 mm. 
4.3.2.2 Protozoea 
The Protozoea stage is defined by three distinct substages common to penaeids (Fig. 




carapace and abdominal somites, with maxillae, maxillipeds and mandibles protected 
ventrally by the carapace. The Nauplius eyespot is replaced by a pair of eyes, sessile in 
Protozoea I, with eyestalks forming in Protozoea II. Pereiopods are formed at Protozoea 
III. The telson and number of abdominal somites changes between substages. The 1st 
and 2nd maxillae and mandibles are partially covered by the carapace and thus are not 
immediately recognisable in observation. Formation of the mandibular process is 
important for the switch from endogenous feeding of the Nauplius stages to exogenous 
feeding of marine microalgae from Protozoea I. Formation of a rostral spine occurs 
from Protozoea II, and dorso-median spines on the abdominal somites in Protozoea III. 
 
Protozoea I (PZ I) 
In PZ I (Fig. 4.8a), rostral spine and eyestalks are yet to form. Seven abdominal somites 
exist anterior to a telson that appears similar to that of the posterior section of N VI. 
1st antenna (Fig. 4.8b) is uniramous with coxa, basis and endopod; antenna has three 
articulations proximal to the coxa, with single seta at the most distal articulation; two 
setae, one mid-section on the coxa and another at the join to the basis; another one on 
the basis; endopod has five setae, two of which are terminal; all setae are simple.  
2nd antenna (Fig. 4.8c) is biramous with protopod, endopod and exopod. Endopod has a 
single fused segment, with five terminal setae and six setae arranged three in the middle 
and three near the join to protopod; exopod has ten segments, with four terminal setae, 
inner seta at each join to the 6th segment and two outer seta at the join to the 4th and 7th 




Mandible (Fig. 4.8d) consists of left and right ventral process, located between 2nd 
antenna and the 1st maxilla. Each process has both incisor and molar processes, with left 
mandible possessing one tooth and right mandible two teeth. 
1st Maxilla (Fig. 4.8e) has protopod with coxal and basial endites. Coxal endite with 
seven setae, five are plumodenticulate (leaf-like), flanked by two plumose setae; basial 
endite with seven cuspidate (pointed) setae, continuing through until Mysis III substage; 
endopod has three segments with five terminal setae and five other in two pairs and a 
single arrangement from distal to proximal end (henceforth denoted as 2+2+1); 
scaphognathite is small and knob-like with four setae; exopod and endopod have 
plumose setae. 
2nd Maxilla (Fig. 4.8f) has coxial and basial endites bi-lobed; coxial endite with 6+2 
with plumose setae, basial endite with 2+2 plumose setae; endopod has five segments 
with three terminal+2+2+2+1 setae. Two terminal setae are simple, the rest are 
plumose; scaphognathite small and rounded with five plumose setae. 
1st maxilliped (Fig. 4.8g) has protopod, endopod and exopod; protopod has coxa with 
five setae and basis with three setae; endopod has five segments with five 
terminal+2+2+3+3 setae; exopod has four terminal setae, with three setae positioned 
along the outer margin. All setae are plumose. 
2nd maxilliped (Fig. 4.8h) has protopod, endopod and exopod; protopod has coxa with 
three setae and basis two setae; endopod has four segments, with five terminal+2+2+2 
setae; exopod has three terminal setae and three positioned along the outer margin. All 
setae are plumose. 




Telson (Fig. 4.8a) has a deep notch with seven spines each side, all of which are 
plumose. 
 
Figure 4.8. Metapenaeus dalli Protozoea I dorsal view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible; 
(e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped. Scale bar (a-c, g-i) 
= 0.1 mm, (d-f) = 0.05 mm. 
 
Protozoea II (PZ II) 
In PZ II (Fig. 4.9a), rostrum and eyestalks take form; two supraorbital spines are 
observed; three abdominal somites are added, with one covered by the carapace which 




1st antenna (Fig. 4.9b) now has four articulations prior to formation of the coxa; a single 
seta on coxa at join to the most distal articulation; single seta mid-section on the coxa, 
three at the join to the basis; basis has two setae at join to endopod; endopod has five 
terminal setae; all setae are simple.  
2nd antenna (Fig. 4.9c) Endopod now two-segmented, with five terminal +3+2+1 setae; 
exopod now twelve-segmented, with four terminal setae, inner seta at each join to the 
7th segment, outer seta at the 4th and 7th segment; setae on both endopod and exopod 
plumose. 
Mandible (Fig. 4.9d) left mandible possesses one tooth and right mandible five teeth. 
1st Maxilla (Fig. 4.9e) is unchanged from PZ I. 
2nd Maxilla (Fig. 4.9f) coxial endite is bi-lobed with 3+7 plumose setae; basial endite 
tri-lobed with 3+3+5 plumose setae; endopod is unchanged; scaphognathite slightly 
increased in size. 
1st maxilliped (Fig. 4.9g) coxa eight setae and basis three setae respectively; endopod 
and exopod unchanged. All setae are plumose. 
2nd maxilliped (Fig. 4.9h) coxa two setae and basis three setae respectively; endopod 
and exopod unchanged. All setae are plumose. 
3rd maxilliped (Fig. 4.9i) is biramous; both endopod and exopod have three terminal 
plumose setae each. 





Figure 4.9. Metapenaeus dalli Protozoea II dorsal view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible; 
(e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped. Scale bar (a-c, g-i) 
= 0.1 mm, (d-f) = 0.05 mm. 
 
Protozoea III (PZ III) 
In PZ III (Fig. 4.10a), rostrum and eyestalks continue to develop; presence of ten 
abdominal somites ending in a tail fan with a telson and precursory uropods; posterior 
five abdominal somites have dorso-median spines and the anterior two somites are now 
covered by the carapace.  
1st antenna (Fig. 4.10b) coxa has lost its articulations, with two setae at the proximal 




and two at the join with the endopod; endopod with five terminal setae. All setae are 
simple.  
2nd antenna (Fig. 4.10c) Endopod is unchanged from PZ II; exopod has five terminal 
setae, with outer seta at joins of the 2nd, 3rd, 4th, 5th, 7th and 9th segments and inner seta at 
the joins of the 4th and 7th segments; a small tooth-like structure also appears at the 
proximal end of the exopod. 
Mandible (Fig. 4.10d) left mandible two teeth and right mandible six teeth. 
1st Maxilla (Fig. 4.10e) is unchanged from Protozoea II. 
2nd Maxilla (Fig. 4.10f) coxial endite is bi-lobed with 3+8 plumose setae; basial endite 
tri-lobed with 3+5+5 plumose setae; endopod is unchanged; scaphognathite is enlarged 
into a mushroom shape. 
1st maxilliped (Fig. 4.10g) has coxa with eight setae and basis with six setae; endopod 
has four segments and five terminal+2+2+3+3 setae; exopod has four terminal setae, 
four positioned along the outer and one on the inner margin. All setae are plumose. 
2nd maxilliped (Fig. 4.10h) has coxa with two setae and basis with two outer setae and 
one inner seta; endopod now has five terminal+2+2+2 setae; exopod has three terminal 
setae and three setae along the outer margin. All setae are plumose. 
3rd maxilliped (Fig. 4.10i) endopod has three terminal setae and one seta at the join to 
the 2nd segment; exopod is two segmented with three terminal setae. All setae are 
plumose. 
Pereiopods (Fig. 4.10j) begin to form as five pairs, with each pair positioned ventrally 





Telson (Fig. 4.10a) is now flanked by two pairs of uropods from PZ II; outer pair is 
major, biramous and located at the dorsal end of the tail section, with six small terminal 
spines each; inner pair is minor and bare.  
 
Figure 4.10. Metapenaeus dalli Protozoea III dorsal view (a); (b) 1st antenna; (c) 2nd antenna; (d) 
mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped; (j) 
periopod. Scale bar (a-c, g-i) = 0.1 mm, (d-f) = 0.05 mm. 
 
4.3.2.3 Mysis and Post larvae  
There are three substages of Mysis development (Fig. 4.11-13) prior to the first post 
larval stage (Fig. 4.14). Morphology changes drastically from the Protozoea form, 
beginning to demonstrate precursory features of the adult. Both the carapace and 
thoracic sections lengthen at each substage, as shown in the measures of carapace and 




The posterior section of the carapace extends to cover the first two thoracic somites, 
including newly-formed pereiopods; exposed thoracic segments have singular dorso-
median spines.  
From Mysis II, one pterygostomain spine is formed on either side of the 
anteroventral points of the carapace. All Mysis substages have two pairs of antennae, 
with both distal rami of antennae segmented. In addition, one pair of mandibles, two 
pairs of maxillae, three pairs of maxillipeds, five pairs of pereiopods and a tail fan with 
a telson and two pairs of uropods. Of those pereiopods, the 1st three pairs are 
morphologically similar, with the 3rd pereiopod being the largest. The final two 
pereiopods are also morphologically similar to each other, thus only the third and fifth 
pereiopods are described in this section. Five pairs of pleopods appear in the 3rd Mysis 
stage without setae, which develop moderate setation during the first post larval form. A 
dorso-ventral spine protrudes from the protopod and two more spines over each pair of 
uropods. 
Behaviourally, these forms begin to become increasingly nektonic, eventually 
becoming capable of capturing prey items such as zooplankton, whilst changing to an 
omnivorous diet. During these Mysis stages they switch from being planktonic and 
photo tactic to increasingly benthic dwellers. 
 
Mysis I (M I) 
 
In M I (Fig. 4.11a), antennal spine is formed, but without teeth.  
1st antenna (Fig. 4.11b) uniramous with major and minor rami at terminal end; coxa has 




line; basis has three setae at coxa join and one half way to endopod; endopod with three 
setae at join to basis, one half way to rami and three at join to rami; minor ramus has 
two terminal plumose setae, major ramus has seven terminal simple setae. 
2nd antenna (Fig. 4.11c) has changed markedly from PZ III morphology (Fig. 4.10b), 
with a reduction in segmentation and number and composition of setae. Appendage is 
biramous with protopod and endopod. Exopod flattens from Mysis I to become an 
antennal scale, therefore endopod and exopod results are reversed in text. Exopod has 
eleven plumose setae positioned marginally; small endopod has three terminal and three 
simple setae positioned laterally. 
Mandible (Fig. 4.11d) left mandible three teeth and right mandible seven teeth. 
1st Maxilla (Fig. 4.11e) is unchanged from PZ III (Fig. 4.17e) apart from the basial 
endite, which now has ten cuspidate setae, of which one is opposed.  
2nd Maxilla (Fig. 4.11f) coxial endite is bi-lobed with 4+8 plumose setae; basial endite 
tri-lobed with 2+5+5 plumose setae; endopod four-segmented, with three 
terminal+2+2+2 setae, two terminal setae are simple; scaphognathite begins to enlarge 
with eight plumose setae. 
1st maxilliped (Fig. 4.11g) coxa has five plumose setae and basis seven plumose setae; 
endopod four-segmented with five terminal + 2+2+3+3 setae, four terminal setae are 
simple; exopod has four terminal plumose setae and three plumose setae along the outer 
margin, all are plumose. 
2nd maxilliped (Fig. 4.11h) coxa six plumose setae and basis three plumose setae; 
endopod has five terminal setae +2+3+4+4 setae, four terminal setae are simple, 




unilateral arrangement; exopod has four terminal plumose setae and three setae along 
the outer margin. 
3rd maxilliped (Fig. 4.11i) biramous; single simple seta on basis. This appendage 
changed significantly from PZ III, with additional segmentation and overall size; 
endopod is five-segmented and has five terminal + 3+1+2+2+2 setae, arranged as 
2+0+1+2+2 outer and 1+1+1 inner setae. Plumose seta at the joins of the 4th, 5th and 
basial segments; exopod two-segmented, with six terminal plumose setae. Plumose seta 
on the outer and inner margin. 
3rd Pereiopod (Fig. 4.11j) is biramous and single segmented, five terminal plumose 
setae on endopod and three terminal plumose setae on exopod. 
5th Pereiopod (Fig. 4.11k) is biramous and single segmented, four terminal plumose 
setae on the endopod and three terminal plumose setae on exopod. 
Telson (Fig. 4.11 l) now flanked by two sets of uropods in their adult position dorso-
laterally to the telson; outer uropod is two-segmented, with a posterodorsal spine at the 
join between the two segments on each uropod. Each outer uropod has 11 marginal 
furcal spines and one posterolateral spine in the out-most position; inner uropod has 
eight marginal furcal spines; telson with deepening notch in centre and 6+6 furcal 





Figure 4.11. Metapenaeus dalli Mysis I lateral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible; (e) 
1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped; (j) 3rd pereiopod; (k) 
5th pereiopod; (l) telson and uropods. Scale bar (a-c, g-l) = 0.1 mm, (d-f) = 0.05 mm. 
 
Mysis II (Fig. 4.11b) 
In M II, body is more elongated than at M I and pleopods beginning to form, but 
without structure seen in later Mysis substages. 
1st antenna (Fig. 4.12b) coxa has four marginal plumose setae; basis has six plumose 
setae at coxa join and two half way to endopod; endopod with five plumose setae at join 
to basis and five at join to rami; major and minor rami are unchanged from M I.  
2nd antenna (Fig. 4.12c) protopod develops an antennal spine at the join to the endopod; 
Exopod has fifteen plumose setae positioned marginally; small endopod has three 




Mandible (Fig. 4.12d) left mandible two teeth and right mandible seven teeth (obscured 
from view). 
1st Maxilla (Fig. 4.12e) scaphognathite has now lost all setae from M I. Protopod and 
endopod are unchanged. 
2nd Maxilla (Fig. 4.12f) scaphognathite enlarged with twelve plumose setae. 
1st maxilliped (Fig. 4.12g) coxa four plumose setae and basis six plumose setae; 
endopod has five terminal +2+2+4+4 setae, with four terminal setae simple. Setae are 
arranged as 2+2+3+3 outer and 1+1 inner; exopod has six terminal plumose setae and 
one plumose seta along the outer margin. 
2nd maxilliped (Fig. 4.12h) Coxa has four plumose setae and basis has two; endopod 
now has five segments with five terminal +3+0+3+4+3 setae arranged 2+0+2+3+2 outer 
and 1+1+1 inner setae. Only the distal inner seta and four terminal setae are simple; 
exopod has four terminal plumose setae and one plumose seta on the outer margin. 
3rd maxilliped (Fig. 4.12i) one simple seta on basis; endopod has five 
terminal+2+1+1+2+2 outer setae and 2+2+1 inner setae, with two outer and two inner 
setae simple; exopod has six terminal plumose setae and two setae positioned laterally. 
3rd Pereiopod (Fig. 4.12j) endopod has four terminal plumose setae and three plumose 
setae on the outer margin; exopod is now two-segmented with three terminal plumose 
setae. Rudimentary chelae begin to form at the distal end of the endopod. 
5th Pereiopod (Fig. 4.12k) endopod has four terminal plumose setae; exopod has three 




Telson (Fig. 4.12l) unchanged from M I; outer uropods have twelve marginal furcal 
spines and one posterolateral spine as per M I; inner uropods with nine marginal furcal 
spines. 
 
Figure 4.12. Metapenaeus dalli Mysis II lateral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible; (e) 
1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped; (j) 3rd pereiopod; (k) 
5th pereiopod; (l) telson and uropods. Abbreviated label (Pt. sp.) is pterygostomain spine.  Scale bar (a-c, 
g-l) = 0.1 mm, (d-f) = 0.05 mm. 
 
Mysis III (M III) 
In M III (Fig. 4.13a), body continues to elongate as per mean measures. Pleopods begin 
to form as five pairs on the five posterior abdominal somites. Rostrum now has an 




1st antenna (Fig. 4.13b) coxa has five plumose setae; basis has seven plumose setae at 
coxa join and two half way to endopod; endopod with six plumose setae at join to basis 
and six at join to rami; minor ramus has three terminal plumose setae, major ramus has 
seven terminal simple setae.  
 
Figure 4.13. Metapenaeus dalli Mysis III lateral view (a); (b) 1st antenna; (c) 2nd antenna; (d) mandible; 
(e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped; (j) 3rd pereiopod; 
(k) 5th pereiopod; (l) pleopods; (m) telson and uropods. Scale bar (a-c, g-m) = 0.1 mm, (d-f) = 0.05 mm. 
 
2nd antenna (Fig. 4.13c) Exopod has sixteen plumose setae positioned marginally; 




Mandible (Fig. 4.13d) has a left mandible possessing two teeth and right mandible six 
teeth. 
1st Maxilla (Fig. 4.13e) coxial endite setae become simple setae. 
2nd Maxilla (Fig. 4.13f) largely unchanged from M I, except for an enlarged 
scaphognathite with thirteen plumose setae. 
1st maxilliped (Fig. 4.13g) protopod and endopod are unchanged from M II; exopod has 
five terminal plumose setae and one plumose seta on the outer margin. 
2nd maxilliped (Fig. 4.13h) Coxa has two plumose setae and basis has four; endopod 
now has five terminal+3+0+3+4+3 setae arranged as +2+0+2+3+2 outer setae and 
1+0+1+1+1 inner setae, four of the terminal setae are simple; exopod has four terminal 
plumose setae and one plumose seta on the outer margin. 
3rd maxilliped (Fig. 4.13i) basis has one seta at the endopod join; endopod has 18 setae 
arranged as five terminal+2+1+1+2+2 outer setae and 2+2+1 inner setae; exopod is two 
segmented with six terminal plumose setae. 
3rd Pereiopod (Fig. 4.13j) Endopod is two-segmented, with six terminal plumose setae; 
Exopod is four-segmented with three terminal plumose setae, two outer plumose setae 
at the 2nd segment join and +one inner (obscured from view) at the join to the 4th 
segment. 
5th Pereiopod (Fig. 4.13k) protopod has two simple setae; endopod has five segments 
with five plumose setae arranged one terminal +2+1+1; exopod has five terminal 
plumose setae. 




Telson (Fig. 4.13m) unchanged from M I; outer uropods have fourteen marginal furcal 
spines and one posterolateral spine; inner uropods with thirteen marginal furcal spines. 
 
Post larvae I (PL I) 
After the Nauplius, Protozoea and Mysis larval stages, the morphology of the post 
larval stage begins to resemble the adult form (Fig. 4.14a). 
1st antenna (Fig. 4.14b) coxa has fourteen plumose setae, with antennal spine forming a 
more defined point; basis has eight plumose setae at coxa join and five half way to 
endopod; endopod with seven plumose setae at join to basis and six at join to rami; 
minor ramus has three terminal plumose setae, major ramus is now two-segmented and 
has four terminal simple setae and four setae positioned laterally, three of which are 
plumose. 
2nd antenna (Fig. 4.14c) protopod has two simple setae, one located mid-section and 
another at the join to the antennal scale; antennal scale has twenty plumose setae 
positioned marginally, with five additional simple setae positioned adjacent to the 
marginal line; endopod has five segments with four terminal+2+4+1+3 short and fine 
simple setae.  
Mandible (Fig. 4.14d) left mandible three teeth and right mandible nine teeth. 
1st Maxilla (Fig. 4.14e) coxial and basial endites are extended; setae as per M III. 
2nd Maxilla (Fig. 4.14f) coxial endite has 4+9 plumose setae; basial endite has 2+5+5 
plumose setae; endopod unchanged from M I; scaphognathite enlarged with twenty-




1st maxilliped (Fig. 4.14g) protopod and endopod are same as M III except for two setae 
of the inner endopod being lost; exopod is unchanged. 
2nd maxilliped (Fig. 4.14h) basis now has three setae; endopod has five terminal 
+3+3+4+4 setae, arranged as 2+0+2+3+3 outer setae and 1+0+1+1+1 inner setae, four 
of the terminal setae are simple; exopod has four terminal plumose setae and one seta 
on the outer margin. All setae plumose. 
3rd maxilliped (Fig. 4.14i) endopod is now six segmented and has five 
terminal+4+3+2+3+4+2 plumose setae, arranged as 2+1+1+2+2+2 outer setae and 
2+2+1+1+2 inner setae; exopod has six terminal plumose setae. 
3rd Pereiopod (Fig. 4.14j) has six terminal setae on the endopod; exopod has six setae 
arranged two terminal +2+2; all setae are plumose; chelae on the first three pereiopods 
are now functional. 
5th Pereiopod (Fig. 4.14k) coxa and basis have simple seta; endopod and exopod are 
unchanged. 
Pleopods (Fig. 4.14 l) are elongated from M III with six short terminal simple setae. 
Telson (Fig. 4.14m) unchanged from M I; outer uropods have fifteen marginal furcal 
spines and one posterolateral spine; inner uropods with fourteen marginal furcal spines; 





Figure 4.14. Metapenaeus dalli Post larvae I lateral view (a); (b) 1st antenna; (c) 2nd antenna; (d) 
mandible; (e) 1st maxilla; (f) 2nd maxilla; (g) 1st maxilliped; (h) 2nd maxilliped; (i) 3rd maxilliped; (j) 3rd 
pereiopod; (k) 5th pereiopod; (l) pleopods; (m) telson and uropods. Scale bar (a-c, g-m) = 0.1 mm, (d-f) = 
0.05 mm. 
4.4 Discussion 
The larval development of M dalli can be subdivided into six Naupliar, three Protozoea 
and three Mysis stages before individuals metamorphose into the post larval form. This 
ontogenetic development occurs in ~12 days at 26 oC, with both the growth rate and 
morphological patterns of development in M. dalli described here show, at a broad 




individual setae and other minor spinal developments vary among species at 
corresponding ontogenetic stages. Differentiation between metapenaeid species was 
found to be effective when comparing the number and combinations of the 1st and 2nd 
antennae setal arrangement (Table 4.2).  
Table 4.2. Comparison of the number of setae on the first and second antennae of M. dalli and six other 
species of metapenaeid reared in other laboratory studies. Bi-ramous second antenna is defined by setae 
on the endopod and exopod, with exopod representing the antennal scale during Mysis and post larval 
stages. 
Stage Character M. dalli M. ensis M. affinis M. moyebi  M. monoceros M. dobsoni 










et al., 1989 
Mahomed 
et al., 1979 
Muthu et al., 
1979     
N I 1st ant. 7 6 6 5 - 7 
 
2nd ant. End/Ex 4/6 4/5 5/5 5/5 5/6 4/5 
N II 1st ant. 8 7 7 6 - 7 
 
2nd ant. End/Ex 4/6 5/6 5/6 5/6 5/6 4/6 
N III 1st ant. 8 7 7 6 - 7 
 
2nd ant. End/Ex 4/7 5/7 5/7 5/7 5/7 5/7 
N IV 1st ant. 8 8 7 - - 7 
 
2nd ant. End/Ex 6/7 6/8 5/9 - 5/8 5/8 
N V 1st ant. 8 9 7 6 - 6 
 
2nd ant. End/Ex 6/7 6/9 6/10 5/8 5/9 5/9 
N VI 1st ant. 8 10 8 7 - 9 
  2nd ant. End/Ex 6/9 6/10 8/12 5/9 7/9 6/9 
PZ I 1st ant. 9 10 11 9 10 8 
 
2nd ant. End/Ex 11/11 12/12 10/13 11/12 11/12 11/12 
PZ II 1st ant. 12 11 11 - 10 8 
 
2nd ant. End/Ex 11/12 12/12 10/13 11/12 11/12 11/12 
PZ III 1st ant. 15 12 14 - 11 12 
  2nd ant. End/Ex 11/13 12/12 10/13 11/12 11/12 11/12 
M I 1st ant. 23 34-35 24 - 23 - 
 
2nd ant. End/Ex 6/11 6/11 3/10 - 5/11 5/11 
M II 1st ant. 30 37-38 28 27 - - 
 
2nd ant. End/Ex 3/15 6/17 3/15 -/14 0/14 0/13 
M III 1st ant. 35 61 30 40-41 32 - 
  2nd ant. End/Ex 0/16 6/21 3/17 -/15 0/16 0/15 
PL I Ex. setae 51 51 42 53 50 58-59 
  2nd ant. End/Ex 14/25 13/27 14/28 -/26 6/22-25 12/23 
 
Differentiation of each species was possible at each substage via this method, with 




and major differences throughout the Mysis and post larval substages. An example of 
this is the comparison of M. dalli and M. moyebi, where at the N I stage, there were 
seven setae observed on the first antennae of M. dalli and five on M. moyebi. In 
addition, there were four setae on the endopod and six setae on the exopod of M. dalli, 
while M. moyebi had five setae on each of the endopod and exopod. Unfortunately 
comparisons of M. dalli with other studies and species proved difficult however, as 
many studies showed incomplete works or lacked appropriate detail. Examples of this 
are given for the first and second antennae on M. moyebi (Nandakumar et al., 1989) and 
M. monoceros (Mohamed et al., 1979) in Table 4.2, whereby these works failed to 
describe these appendages. In addition, comparison of size at each substage between 
species is prohibitive, due largely to the effects that regional specificity and different 
culturing techniques can have on growth rates of penaeids (Dall et al., 1990). 
Differentiation between these species in the wild for distribution and/or 
abundance studies would prove even more difficult and time consuming without a 
methodology based on comprehensive frameworks with well-defined criteria. Few 
examples exist of such approaches except for works based on the second Protozoea 
substage of the penaeids Penaeus esculentus Haswell, 1879, Penaeus (Melicertus) 
latisulcatus Kishinouye, 1896, Penaeus merguiensis de Man, 1888, Penaeus 
semisulcatus De Haan, 1844, and M. ensis with M. endeavouri Protozoea (Rothlisberg 
et al., 1983, Jackson and Rothlisberg, 1994). These studies of distribution and 
abundance had been successfully achieved with larvae from studies in the Gulf of 
Carpentaria. This involved the use of between 14 and 17 individual discrimination 




and width of individual segments of the 1st and 2nd antennae, total and carapace length, 
using comprehensive larval reference collections within clearly defined research zones. 
This is yet to be applied to other species or regions, however, largely due to limited 
availability of detailed larval descriptions, endemic reference material and due to the 
high degree of overlap among species in both morphometric and meristic characters. 
Genetic methods of identification may be successful, but markers for M. dalli have yet 
to be determined. Application of morphological techniques for distinguishing M. dalli 
may be possible in areas such as Western Australia, where only three species of 
metapenaeids occur. However, due to complex overlapping distributions of many 
congeneric species, regions such as Indonesia and the Northern Territory would require 
more comprehensive reference material to distinguish M. dalli from other species. 
Overall, this study will support further works detailing endemic population 
patterns of penaeids along the Australian coastline and in Indonesia, as well as provide 
supporting material for the development of commercial aquaculture of this and related 






5.0 Effects of temperature and salinity on larval survival and 
development of the Western School Prawn Metapenaeus dalli 
5.1 Introduction 
 
The Western School Prawn Metapenaeus dalli was once the focus of a small 
commercial and iconic recreational fishery in the Swan-Canning Estuary in Western 
Australia (Potter et al., 1986). This species is known to complete its life-cycle within 
this estuary system itself, with maturation and reproduction occurring in water 
temperatures of ~22 - 26 ˚C and approximately marine salinities (Potter et al., 1986, 
Potter et al., 1989, Broadley et al., 2017). However, under continued fishing and 
environmental pressures a significant decline in M. dalli abundance occurred, leading to 
a cessation of commercial fishing activities in the 1970’s and greatly reduced 
recreational fishing effort in the late 1990’s (Maher, 2002). Despite the reduced fishing 
pressure, stocks of M. dalli in the Swan-Canning Estuary have not recovered naturally 
(Smith et al., 2007). Thus a restocking program was implemented to bypass the 
recruitment bottleneck during the early larval stages. As this species had never been 
cultured before, the development of hatchery techniques were initiated in 2012, with the 
aim of releasing post-larvae (PL) at substage PL15-20; ~ 25 - 30 days post-hatch 
(Jenkins, G. I., Australian Centre for Applied Aquaculture Research, Fremantle, 
Western Australia, unpublished data).  
Successful rearing of penaeid larvae for stocking requires high survival rates to 




limit the time larvae spend in the hatchery to reduce operating costs (ASEAN 1978). 
Two significant environmental factors that influence the survival and development rates 
of larval crustaceans are temperature and salinity (Kinne, 1963, Kinne, 1964). The 
complex early life stages of penaeids are considered to be particularly vulnerable to 
temperature and/or salinity changes, with high mortality occurring during the larval 
stages under adverse conditions (Anger, 2003). Of the three larval stages Nauplius, 
Protozoea and Mysis in penaeids, Protozoea stage larvae appear to be the most sensitive 
to changes in temperature and salinity, and thereby provide an effective proxy for 
assessing suitable culture conditions for all larval and post-larval life stages (Preston, 
1985, Zacharia and Kakati, 2004).  
Studies of the effects of temperature and salinity on larval penaeids, have 
demonstrated that salinity has a greater effect on survival than temperature (Kumlu 
et al., 2000, Kumlu et al., 2001, Zacharia and Kakati, 2004, Ch and Shailender, 2013), 
although increases in mortality are known to occur at relatively high temperatures 
(Jackson and Burford, 2003, Aktas and Cavdar, 2012). In contrast, water temperature 
has a more pronounced effect on larval development than salinity (Parado-Estepa, 1998, 
Jackson and Burford, 2003), with growth rates only shown to be affected by salinity at 
brackish ranges (Ponce-Palafox et al., 1997, Kumlu et al., 2000). Temperature and 
salinity have also been show to interact, further exacerbating mortality rates when both 
factors are at the extremes of their ranges (Ponce-Palafox et al., 1997, Kumlu et al., 
2000). For the establishment of rearing protocols however, it is important to determine 
the temperature and salinity regime that provides the highest possible development rates 




Once preferred temperatures and salinities for culture are established, they can 
be used to predict larval survival and growth rates for future planning. This is 
particularly important in larval stock management from the Protozoea stage, as this is 
the point at which penaeid larvae switch to exogenous feeding (Dall et al. 1990). It is at 
this point that hatchery feeding relies on the expensive cultivation of live feeds such as 
microalgae, which require planning days in advance to produce (D'Souza et al., 2000). 
Live zooplankton is often used from the Mysis and early post-larval stages with similar 
planning requirements (ASEAN 1978; Zacharia and Kakati 2004). Without predicting 
survival and development rates, feeding protocols cannot be calibrated, which may 
result in increased cultivation costs for live foods and potential negative effects on 
water quality as a result of over or under feeding. 
The purpose of this study was to determine the effects of culture temperature 
and salinity on M. dalli Protozoea stage larvae, acting as proxy for all larval 
developmental stages, in an effort to maximize survival and optimize development rates 
for the purpose of increasing the number of hatchery-reared M. dalli post-larvae that can 
be restocked into the Swan-Canning Estuary.  
5.2 Materials and methods 
5.2.1 Broodstock collection 
Female M. dalli were collected at night from the Swan-Canning Estuary in Perth 
(31°56′50″S 115°54′58″E), south-western Australia from December 2014 to March 
2015, using a hand trawl net that was 1.5 m high, 2.85 m wide and constructed from 
9 mm mesh. Temperature and salinity ranges at sample sites were recorded with a YSI 




ranges of 22.8 – 26.6 ˚C and 34.2 – 35.7 ‰ recorded over the course of this study. 
Maturity was determined as per descriptions by Tuma (1967) and Crisp et al. (2017a), 
with gravid/mature prawns immediately transported to the aquaculture facility and 
placed in aerated holding tanks overnight (ASEAN, 1978). Females were then stocked 
into 300 L conical base spawning tanks at a density of up to 40 per tank for two to four 
days. The tanks were filled with seawater at a salinity of ~35 ‰ drawn from a bore sunk 
through limestone rock, accessing near-shore marine water, and aerated constantly and 
maintained at a temperature of ~26 °C. This water temperature and salinity 
approximated conditions in the Swan-Canning Estuary at the time and place of capture 
(unpublished data). The base of each broodstock tank was fitted with a fine grate that 
allowed eggs to pass through, separating them from broodstock to prevent any potential 
cannibalism. Broodstock spawned naturally within 48 h of capture without eyestalk 
ablation. After spawning, eggs were collected on 48 µm and 63 µm screens and rinsed, 
subsampled for counting and re-suspended in 300 L of filtered (1 µm) seawater, under 
constant aeration. Egg quality was assessed by hatch rate, with a value of > 75 % 
survival post-hatch considered suitable for use in the study (ASEAN, 1978).  
5.2.2 Larval rearing system 
After spawning, hatched larvae were held until they had entered into the Nauplius 
(henceforth denoted as ‘N’) VI substage at ~ 48 h post-hatch (see Fig. 5.1; Crisp et al., 
2016), at which time they were harvested and stocked at a density of 250 larvae L-1 into 
6 L flat bottom cylindrical glass culture vessels containing 4 L of 1 µm filtered seawater 
(D'Souza and Kelly, 2000). Once larvae were stocked, experimental salinities and 




rate of 1 ‰ or 1 °C per 15 min, respectively. Salinity was adjusted by adding rain water 
or hypersaline (60 ‰) sea water (Instant Ocean, USA), as per methods modified from 
Kumlu et al. (2000, 2001), while temperature was adjusted by applying either heated or 
chilled water to water baths until target temperatures were reached. Water temperature 
for each experiment was maintained by housing culture vessels in 115 L temperature-
controlled water baths, heated with pre-calibrated Eheim Jager 150 W aquarium water 
heaters and monitored with Thermocron TCS temperature loggers every 10 minutes. A 
constant salinity was maintained in the culture vessels and monitored daily using an 
ATAGO PAL-03S digital refractometer. Vessels were exposed to 3.5 µmol 
photons m-2 s-1 white light with 12:12 h light:dark photoperiod. The larval cultures were 
aerated from the base to provide vertical mixing as well as oxygenation.  
5.2.3 Feed cultivation 
Larval M. dalli were fed a diet comprising two microalgae species obtained from the 
Australian National Algal Culture Collection held by the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) in Hobart, Tasmania. The chlorophyte 
Tetraselmis suecica (CSIRO strain number CS-187) and the diatom 
Chaetoceros muelleri (CSIRO strain number CS-176) were maintained in batch cultures 
under 14:10 h light:dark photoperiod with 180 µmol photons m-2 s-1 white fluorescent 
light, in 15L culture vessels with ambient salinity (~35 ‰) and temperature (~25°C). 
Each species was cultured in Guillard’s F2 medium, with sodium metasilicate added at 
30 g L-1 to the C. muelleri (Ryther and Guillard, 1962). To avoid carbon limitation, food 





Figure 5.1. Representation of the larval life-cycle of penaeid and metapenaeid prawns, from egg hatching 
through to adult.  Source: Motoh (1985). 
 
5.2.4 Feeding larvae 
Larval feed in culture vessels was maintained daily at 3 × 104 cells mL-1 of T. suecica 
and 9 × 104 cells mL-1 of C. muelleri, as per feeding protocols used by the Australian 
Centre for Applied Aquaculture Research (Jenkins, G. I., Australian Centre for Applied 
Aquaculture Research, Fremantle, Western Australia, unpublished data). These species 
were used in a previous study of larval M. dalli by Crisp et al. (2016) at similar feeding 
concentration for similar life stages. Feed intake was measured by counting residual 
cells of each microalgae species in larval culture vessels using a Neubauer 




vessels was topped up to 6 L daily with a combination of microalgal feed and fresh 
seawater, with no greater than 10 percent of culture water exchanged per day. Gut 
contents of the larvae were also briefly examined under a dissecting microscope to 
confirm that the algal cells were being ingested (D'Souza and Loneragan, 1999).  
5.2.5 Experimental design 
5.2.5.1 Effect of temperature  
The influence of four nominal water temperatures, i.e. 23, 26, 29 and 32 °C in the 
laboratory at a constant salinity of 35 ‰, were assessed on the development time (h) 
and percentage survival of larval M. dalli from N VI, through the protozoeal stage 
(PZ I, II and III) to the Mysis I sub stage (M I). Six replicate culture vessels were used 
for each of the four temperatures. Development time was calculated as the time taken 
for 50 % of the larvae in each vessel to reach the M I stage. Single 200 mL subsamples 
were taken every 12 hours from each vessel and each larva staged according to the 
descriptions in Crisp et al. (2016) and Fig. 5.1. When M I staged larvae were first 
observed, each vessel was then subsampled every 0.5 to 1 h. All sampled larvae were 
carefully returned to the vessels. Once each vessel was found to contain 50 % of 
animals at the M I stage, time was recorded and triplicate 200 mL samples were taken 
and fixed in 5 % tetraborate-buffered formaldehyde solution. Samples were then 
analyzed for rates of survival by recording the number of whole fixed individuals in 
each sample and comparing to the initial stocking rate of larvae. This method of 




5.2.5.2 Combined effects of temperature and salinity 
The combined effects of three nominal temperatures, i.e. 23, 26 and 29 °C, and three 
nominal salinities, i.e. 30, 35 and 40 ‰, on the development and survival of M. dalli 
larvae were quantified in a 3 × 3 fully factorial design over a 48 h period, after the 
temperature experiment was run. Each combination of salinity and temperature was 
conducted in two vessels per run, with an average of the vessels used to create a 
replicate value of each treatment regime. The experiment was run three times, creating 
three replicates for each treatment. Each run commenced from the N VI larval substage, 
running for a fixed period of 48 h. This time period was chosen to examine the acute 
combined effects of temperature and salinity on the Protozoea stage of development and 
was informed by the results of the temperature experiment. 
After 48 h, all culture vessels were sampled via triplicate 200 mL subsamples 
and fixed with 5 % tetraborate-buffered formaldehyde, from which survival was 
determined and the metamorphic substage for each larva was recorded. A development 
index was calculated for each subsample based on that described by Villegas and 
Kanazawa (1979). Each larvae counted was assigned a value for its developmental 
substage, where PZ I = 1, PZ II = 2 and PZ III = 3. A development index was then 
calculated, for each subsample, by multiplying the substage value (i.e. 1, 2, or 3) by the 
number of larvae counted at that substage. The product of each substage is then added 
together then divided by the total number of larvae staged. 
Development Index = sum (number of larvae at that stage x stage value) / total number 




5.2.6 Statistical analysis 
5.2.6.1 Effect of temperature  
Analysis of the percentage values for survival indicated that data ranged both > 80 % 
and < 20 %. As a result this data was subjected to an arcsine square-root transformation 
as per Field (2009). To determine whether a transformation of the development data 
was required, the extent of the linear relationship between the loge mean and loge 
standard deviation of development time was calculated. Examination of the slope of the 
linear relationship indicated that a square-root transformation was necessary to meet test 
assumptions of homogeneity of variance, as per Clarke et al. (2014). Both survival and 
development time were analyzed separately using a one-way Analysis of Variance 
(ANOVA). When ANOVA detected a significant difference among temperatures, post-
hoc tests were conducted using Tukey’s HSD to elucidate the pairs of temperature that 
were responsible for each of those differences. In this and all tests, a null hypothesis of 
no significant difference between a priori groups was rejected when p < 0.05.  
5.2.6.2 Combined effects of temperature and salinity 
Analysis of the percentage survival data indicated that there were values > 80 %, but not 
< 20 %. As a result, a square-root transformation of the data was performed as per Field 
(2009). Analysis of the relationship between the loge mean and loge standard deviation 
of the development index data indicated that no data transformation was required 
(Clarke et al. 2014). Separate two-way ANOVAs were used to determine whether 
development index and survival were affected by temperature and/or salinity, or the 




factor and/or interaction term was detected, post hoc analysis was conducted using 
Tukey’s HSD.  
All statistical analyses were conducted using SPSS version 22 software (IBM 
Corp.). Values for all results are given as mean ± 95 % confidence limits. 
5.3 Results 
5.3.1 Effect of temperature  
Mean water temperatures achieved for the nominal temperatures of 23, 26, 29 and 32 °C 
were 22.6 ± 0.2, 25.8 ± 0.3, 29.4 ± 0.4 and 32.6 ± 0.4 °C, respectively. One-way 
ANOVA demonstrated that the percentage survival of M. dalli larvae differed 
significantly among temperatures (p < 0.001). Survival rates were greatest at 25.8 and 
22.6 °C, i.e. 73.0 ± 17.8 % and 66.7 ± 12.4 %, respectively and lowest at the highest 
temperature of 32.6 °C, i.e. 26.3 ± 12.4 % (Fig. 5.2). Time taken for M. dalli larvae to 
develop from N VI to M I differed significantly among temperatures (p < 0.001). 
Development time decreased markedly from 161.5 ± 0.9 h at 22.6 °C to 74.8 ± 0.3 h at 





Figure 5.2 Mean percentage survival (± 95 % confidence limits) of Metapenaeus dalli larvae during 
development from Nauplius VI to Mysis I at four different water temperatures. Letters above error bars 







Figure 5.3. Average time (± 95% confidence limits) taken for Metapenaeus dalli larvae to develop from 
Nauplius VI to Mysis I at four different water temperatures. Letters above error bars denote groups of 
samples identified by Tukey’s HSD. 
 
5.3.2 Combined effects of temperature and salinity 
Mean water temperatures achieved for each of the three nominal temperatures tested 
(23, 26 and 29 °C) were 21.4 ± 0.3, 26.5 ± 0.2 and 29.7 ± 0.4 °C respectively, with the 
salinities obtained consistent with nominal salinities (30, 35 and 40 ‰). Two-way 
ANOVA showed no interacting effect of temperature and salinity on either survival 
(p = 0.480) or development rate (p = 0.906) of M. dalli larvae over a 48 h culture 
period. There were however two significant main effects, presented below. Firstly, 




(p = 0.570). Salinity of 35 ‰ was found to be the best for survival, resulting in a 
survival of 77.7 ± 5.0 %. This survival was significantly higher than that measured at 
30 ‰ (58.4 ± 8.4 %). Survival at 40 ‰ (68.4 ± 7.8 %) was not significantly different 
from either of the other two salinities (Fig. 5.4).  
 
Figure 5.4. Mean percentage survival (± 95% confidence limits) of Metapenaeus dalli larvae over a 48 h 
period from N VI substage at three different salinities. Letters above error bars denote groups of samples 
identified by Tukey’s HSD. 
 
Secondly, the reverse was found for larval development such that temperature had a 
significant effect (p <0.001), but not salinity (p = 0.774). Development of larvae was 
significantly different at all three temperatures. A stepwise increase in development rate 
occurred from the lowest temperature (1.01 ± 0) to the highest (2.61 ± 0.05), with some 
larvae observed reaching a peak development of PZ III in the highest two temperatures 





Figure 5.5. Mean development index (±95% confidence limits) of Metapenaeus dalli larvae over a 48 h 
period from N VI substage at three different water temperatures. Letters above error bars denote groups 
of samples identified by Tukey’s HSD. 
 
5.4 Discussion 
5.4.1 Effect of temperature 
In this study, there appeared to be a significant negative impact on survival at the 
highest temperature tested of 32.6 °C, but not at any other temperature tested, though 
there appeared to be reduced survival at 29.4 °C. This result is supported by a study by 
Kumlu et al. (2000), where temperatures above 30 °C were found to increase mortality 
in larval Penaeus semisulcatus. Furthermore, preliminary findings by Ponce-Palafox et 
al. (1997) on larval Litopenaeus vannamei demonstrated that temperatures above 30 °C, 




survival. The consistency of these results across larval penaeid prawns may indicate 
there is an upper thermal limit to their biochemical processes.  
Results of this study demonstrate that the time taken by M. dalli to develop from 
N VI to M I differ significantly among temperatures. Rapid sequential decreases in 
development time to M I occurred between temperatures of 22.6 and 29.4 °C, with only 
a marginal decrease in development time at the highest temperature of 32.6 °C. These 
results are consistent with that of larval P. semisulcatus (Jackson and Burford, 2003) 
and Penaeus monodon (Parado-Estepa, 1998), where no significant difference was 
found in development rates between water temperatures of 29and 32 °C during the 
Protozoea stages.  
For commercially cultured crustacean larvae, the effect of water temperatures on 
larval growth rates are often incorporated into planning tools, such as degree-hours or 
degree-days calculations (Kittaka et al., 2001, Kittaka et al., 2002, Gendron and Ouellet, 
2009), which are used to determine larval duration under various temperatures from 
spawning to post-larval metamorphosis (Roberts et al., 2012). This allows for the 
determination of potential feed requirements, which is a particularly important factor in 
larval culture where forward planning is required for the cultivation of live foods 
(Stevens, 1990). When applied to the temperature ranges tested, it can be assumed that 
culture temperature should be maintained between 25.8 and 29.4 °C provided high 
survival of larvae can be achieved. Reducing temperature by ~ 3 °C would increase 
development time by > 2 d and thus feed and resource allocation requirements and 




5.4.2 Combined effects of temperature and salinity 
Salinity significantly affected survival, while temperature significantly affected the rate 
of development of larval M. dalli, without any interacting effects in the ranges tested. 
Unlike in the current study, interacting effects of temperature and salinity on survival 
have been found in other species such as P. semisulcatus (Jackson and Burford 2003) 
and L. vannamei (Ponce-Palafox et al. 1997). However the results of the current study 
are consistent with these previous studies when similar temperatures and salinities were 
compared. In addition, any variation in salinity from 35 ‰ had an apparent negative 
effect on survival, with a 5 ‰ decrease having a greater effect than a 5 ‰ increase; 
noting that the increase in salinity to 40 ‰ did not significantly affect survival from that 
obtained at 35 ‰. This compares well with the effects of salinity on larval 
Metapenaeus bennettae (Preston 1985) and larval Penaeus merguiensis (Zacharia and 
Kakati 2004). However, these results contrast with those obtained for juvenile 
L. vannamei and larval P. semisulcatus, where although temperature was the primary 
factor in determining growth rates, salinities far lower than those used in the current 
study were also found to negatively impact on growth as well as survival (Ponce-
Palafox et al. 1997; Kumlu et al. 2000). It may be the case that the energetic demands of 
osmoregulation under extreme conditions are greater than can be replenished by the 
larvae. It is only when the extreme ranges are tested that salinity and temperature 
appeared to interact, placing a combined burden on the energetic reserves of the larvae 
(Anger 2003). 
Finally, the preferred temperatures (25.8 and 29.4 °C) and salinity (35 ‰) 




the Swan-Canning Estuary, from which broodstock were obtained. Wild M. dalli are 
known to spawn in the middle and lower Swan-Canning Estuary during spring and 
summer, where the salinity in the river system is 35 to 38 ‰ and water temperature is 
26 to 28 °C (Potter et al. 1986), indicating a close relationship between preferred larval 
hatchery conditions and those expected to influence larvae in the natural population. 
This relationship appears to be in line with findings on M. bennettae, where the water 
temperatures found where broodstock were obtained, appeared to be the most suitable 
for larval culture in terms of survival (Preston 1985).  
5.5 Conclusion 
From this study, the most appropriate temperature and salinity to be used in the 
cultivation of M. dalli larvae were 25.8 °C and 35 ‰. It is also clear that any increase in 
temperature and/or variation in salinity may have a negative impact on survival. 
However, for short-term gains in growth rate, culture temperatures may be increased, 
providing they remain below 30 °C as this increase has a negligible effect on survival. 
Using this information, further research into the nutritional requirements of this species 







6.0 Performance of mixed species and mono-specific algal diets for 
culture of larval Western School Prawns Metapenaeus dalli 
 
6.1 Introduction 
As of 2013, the status of global fisheries was estimated to be almost fully exploited 
(58.1 %) or over exploited (31.4 %), with fishery production peaking in the 1980’s 
(FAO, 2016). Due to wild fishery production not satisfying market demand, aquaculture 
production has rapidly expanded, accounting for ~ 44.1 % of global biomass production 
in 2014, excluding seaweeds (FAO, 2016). Aquaculture of prawns in particular has 
increased rapidly and, as of 2014, represented ~ 56 % of total prawn biomass from 
fisheries and aquaculture (FAO, 2017).  
While aquaculture production has primarily been used to fill market demand for 
global food production, the husbandry techniques developed in this sector have also 
been used in the management and restoration of over exploited fisheries, via 
aquaculture-based enhancement (i.e. stock enhancement, restocking and sea ranching 
activities; Loneragan et al., 2013, Taylor, 2017). For penaeids in particular, emphasis 
has been placed on hatchery cultivation of individuals prior to release, as this 
circumvents natural mortality, including predation, that occur during the larval (> 70 % 
per week) and the earliest period of post-larval (10-25 % per week) stages (Dall et al., 
1990).  
Most recently, the Western School Prawn, Metapenaeus dalli fishery in the 




based enhancement (ABE) program (Jenkins et al., 2017). This species was once the 
focus of a small commercial and iconic recreational fishery, but a decline in stocks led 
to the eventual closure of commercial fishing activities in the 1970s (Smith, 2006; 
Smithwick et al., 2011). Despite this closure and thus reduced fishing pressure, 
recreational catches of M. dalli continued to decline, particularly from the late 1990s 
(Maher, 2002). By 2007, the abundance of this species was still very low and had not 
recovered naturally. Therefore, an ABE program was considered the best option to 
overcome the long-term recruitment failure, as it would bypass the high mortality rate 
that often occurs in the early larval stages (Smith et al., 2007, Broadley et al., 2017). 
In addition to preferred physico-chemical rearing conditions, successful 
cultivation of larval penaeids requires an adequate food supply that provides the diverse 
nutritional content found in natural feeds. An effective feed would result in larvae 
exhibiting high survival, while maintaining adequate development and growth 
(ASEAN, 1978, Piña et al., 2006). In commercial marine prawn culture, this 
management is achieved during the sensitive herbivorous larval stages by feeding live 
microalgae similar to that found where broodstock naturally reproduce (Brown et al., 
1997). Although formulated diets have been previously trialed as feed replacement 
during these stages, their performance has been poor in comparison to live microalgae, 
often having lower assimilation efficiency. Previous studies have shown that feeding 
requirements of larval marine prawns are more likely to be satisfied by mixed 
microalgae diets than a single microalgal species (Kurmaly et al., 1989, Lovett and 




Microalgal species are often used as feeds for marine prawns during the 
herbivorous stages of development (Brown et al., 1997). Species of Bacillariophyceae, 
such as Chaetoceros sp., Skeletonema sp. and Thalassiosira sp. are considered 
important for metamorphic development, due, in part, to their complement of long chain 
polyunsaturated (LC-PUFA) fatty acids (Brown et al., 1997, D'Souza and Loneragan, 
1999, Conceição et al., 2010). Species of Chlorophyceae, such as Tetraselmis sp., 
Dunaliella sp. and Chlorella sp. are generally fed to provide further nutritional 
complement (Brown et al., 1997).  
Although M. dalli, reproduces in marine environments in tropical northern 
Australia and Java (Indonesia), in temperate waters of south-western Australia it is 
confined to estuaries, where it completes its life cycle (Broadley et al., 2017, Crisp 
et al., 2017a). It is unknown whether prawns that reproduce in estuaries, such as 
M. dalli in temperate waters, have related feeding requirements to similar species from 
tropical marine waters. Studies of phytoplankton communities in the Swan-Canning 
Estuary have shown that downstream areas with near marine salinities are dominated by 
diatoms and dinoflagellates (Twomey and John, 2001), whereas phytoplankton in the 
more upstream brackish and freshwater areas consist mainly of chlorophytes (Chan and 
Hamilton, 2001).  
The aim of this study was to determine the effects of mono-specific and mixed 
microalgae diets on survival, development and dry weight of larval M. dalli, grown 
under controlled conditions. The result of which will inform future studies devoted to 
the determination of actual quantitative nutritional requirements of larval M. dalli for 




6.2 Materials and Methods 
6.2.1 Broodstock collection, spawning and stocking 
Gravid M. dalli, identified as having a dark green/brown appearance with a distinct 
‘arrow head’ shape in the posterior section (Crisp et al., 2017a), were collected at night 
from the Swan-Canning Estuary (31°56′50″S 115°54′58″E) in Perth, Western Australia 
in December 2015, using a hand trawl net 1.5 m high, 2.85 m wide and constructed 
from 9 mm mesh. Once retained, the prawns were immediately transported to an 
aquaculture facility and stocked into 300 L conical base tanks, at a density of up to 40 
individuals per tank for ~48 h. Spawning tanks were filled with 1 µm filtered seawater 
at a salinity of ~35 ‰ drawn from a saline aquifer, aerated constantly and maintained at 
a temperature of ~26 ˚C (Crisp et al., 2017b). This salinity and temperature regime was 
maintained throughout the entire experiment. Broodstock spawned naturally within 48 h 
of capture without eyestalk ablation. A 5 mm mesh grate was fitted above the base of 
each spawning tank to allow eggs to pass through,  separating them from broodstock to 
prevent any potential cannibalism of the eggs (ASEAN, 1978).  
After spawning, eggs were siphoned onto a 108 µm screen and rinsed, re-
suspended in 10 L of 1 µm filtered sea water and subsampled for counting, then stocked 
into 300 L tanks. Egg viability was assessed both visually and by hatch rate, with 
greater than 75 % hatch-rate considered suitable for use in the study (FAO, 2007). 
Hatched nauplii were monitored until reaching substage VI (N VI) at ~48 h, then, just 
prior to feeding, were collected and stocked at 250 nauplii L-1 into twenty four 14 cm 
diameter x 50 cm height flat bottom glass cylinders, each filled to 6 L with 1 µm 




culture conditions, with aeration delivered with a 4 mm airline and ceramic weight. 
Remaining larvae were condensed, rinsed with seawater then stored chilled until 
euthanized, after which samples were prepared for dry weight determination.  
6.2.2. Microalgal cultures 
Three microalgal species regularly used in the commercial aquaculture of larval 
penaeids, i.e. two diatoms Chaetoceros muelleri (CS-176), Chaetoceros calcitrans 
(CS-178) and a chlorophyte Tetraselmis suecica (CS-187), were obtained from the 
Australian National Algal Culture Collection held at CSIRO Marine and Atmospheric 
Research in Hobart, Tasmania. Batch cultures of each microalgae were maintained 
under 14:10 h light:dark photoperiod with 180 µmol photons m-2 s-1 white incidence 
light from fluorescent lights, in 15 L culture vessels with ambient salinity of ~35 ‰ and 
~25 ˚C water temperature. Each species was cultured in Guillard’s F2 medium, with 
sodium metasilicate added at 30 g L-1 for diatoms (Guillard and Ryther, 1962). To avoid 
carbon limitation, food grade CO2 was injected and maintained at a pH of 7.4-7.7. 
Harvesting of microalgae only took place during log phase growth on day five post-
inoculation, to avoid possible differences in biochemical composition between batches. 
Cell densities of stock cultures were calculated via triplicate counts using a neubauer 
haemocytometer, (ASEAN (1978).  
6.2.3 Larval culture 
The glass culture vessels were housed in groups of eight vessels per water bath in each 
of three 115 L clear plastic temperature-controlled water baths, heated with pre-
calibrated Eheim Jager 150 W aquarium water heaters and monitored with Thermocron 




ATAGO PAL-03S digital refractometer. Vessels were exposed to 3.5 µmol photons 
m-2 s-1 white incidence light from above with 1:23 h light:dark photoperiod (Jenkins 
et al., 2017). Clear plastic was used for the water baths to maximize light scatter and 
create as close to uniform light intensity throughout entire larval culture vessel. The 
larval cultures were aerated from the base to provide vertical mixing as well as 
oxygenation. 
Table 6.1. Contribution of each microalgae stock feed to each diet as cell density (cells ml-1). Included are 
mean individual cell biovolume (µm3 ± SE) of each microalgal species tested. Feeds were delivered as 
mono-specific diets of either Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc) or Tetraselmis 
suecica (Ts), as two-species mixed diets or as a feed mix of all three microalgae, as recommended by the 
Australian Centre for Applied Aquaculture Research (ACAAR).  
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The culture vessels were haphazardly allocated one of seven feed regimes (n = 3 
for each diet) delivered at known cell densities (Table 6.1). These feed regimes 
consisted of three mono-specific feeds, i.e. C. muelleri, C. calcitrans and T. suecica, 
each possible combination of two microalgae species, delivered at fifty percent of their 
mono-specific cell densities, and a seventh experimental diet, used by the Australian 
Centre for Applied Aquaculture Research, Fremantle, consisting of all three microalgae 
species, henceforth known as ACAAR (Jenkins et al., 2017). Three remaining replicate 
vessels were held for a period of 48 h without feed to verify the negative effects of 
starvation on survival and development, and to ensure sources of nutrition had been 
removed from the culture water (D'Souza and Loneragan, 1999).  
For C. muelleri and C. calcitrans, mono-specific diets were delivered at a set 
density of 1 × 105 cells ml-1 as recommended by ASEAN (1978), while the feeding 
density of the mono-specific diet T. suecica was determined by delivering the 
equivalent bio-volume per ml to the C. muelleri diet, once the mean ± SE biovolume 
was determined for each of the three microalgae tested. To determine this relationship 
for biovolume, the biovolume of each species was calculated by initial selection of fifty 
cells in log phase on day five of culture of each species. Transverse imagery was then 
taken of each cell with a top-mounted Tucsen 9 MP camera on a Leica Dialux 22 
compound microscope and downloaded with TSView 7 software. Measurements of 
length, width and depth were calculated using the ruler tool in Adobe Photoshop CS6, 




(2017a). Mean measures of each dimension were then applied to volumetric 
calculations based on cell geometry described for each species by Hillebrand et al. 
(1999), with the resulting biovolume for each species given in Table 6.1.  
 Feeds were replenished daily for those vessels where microalgae were being 
tested as diets, initially by conducting residual counts of two culture vessels per feed 
regime to work out the mean consumption rate of each microalga per regime, followed 
by replenishment from high density stock cultures of each microalgal species. Feeds 
were delivered by initially removing and screening 200 ml of culture water from each 
vessel, then incorporating new algae into a 200 ml daily water exchange. No single 
microalgae feed source had more than 70 % of cells consumed in a single 24 h period, 
nor were larvae observed with empty gut contents, indicating that larvae were feeding 
throughout the experiment. 
6.2.3 Sampling of larvae 
On day five of the experiment, larval cultures were monitored every ~2 h until larvae in 
one of the culture vessels metamorphosed to a point where at least 50 % of the 
individuals were at mysis I (M I) stage, at which time the experiment was terminated. 
This end point was selected as it is known to provide the greatest discrimination 
between substages of development in prawn larvae (D'Souza, 1997, D'Souza and 
Loneragan, 1999, D'Souza and Kelly, 2000). Briefly, Nauplii VI (N VI) larvae were 
identified as having two pairs of antennae, mandibles, an eyespot and a posterior end 
with two groups of spines with three plumose spines and three naked spines each. 
Protozoea substages (PZ I, II and III) were defined as having a cephalothorax, abdomen 




from PZIII. M I substage exhibits a dorsal spine as a precursor to the rostrum and a tail 
fan with a telson and two pairs of uropods almost fully-formed (Fig. 6.1).  
At the end of the experiment, triplicate 200 ml samples of water containing 
larvae were removed from each experimental vessel for determining survival and 
development index. Samples were preserved in seawater containing tetraborate-buffered 
5% formaldehyde (D'Souza and Kelly, 2000). All preserved larvae that were completely 
intact (i.e. had all appendages), were considered live at the point of sampling, thus 
included in survival and development counts. Samples were then concentrated onto a 
43 µm screen and rinsed with distilled water within a fume cupboard to remove 
formaldehyde. Larvae were then transferred into a petri dish for enumeration and 
allocation to a developmental stage. 
 
 
Figure 6.1. Representation of the larval life-cycle of penaeid and metapenaeid prawns from nauplii 






Once all larvae were staged, a development index (DI) was determined by the 
following Villegas and Kanazawa (1979) equation, modified by D'Souza and Loneragan 
(1999); where DI = ∑ (Index values) / n (larvae sampled). The index values of 
individual larvae increased with each developmental substage from the initial N VI to 
M I, with index values assigned as N VI = 0, PZ I = 1, PZ II = 2, PZ III = 3 and M I = 4, 
therefore increasing DI values were associated with increased proportions of more 
developed larvae.  
 To prepare the remaining larval biomass for dry weight analysis, all of the 
remaining larvae from each of the experimental vessels were harvested on a 150 µm 
screen, rinsed with sea water, re-suspended in their original culture vessels for ~2 h 
until gut contents were observed to be excreted from larvae, modified from Gamboa-
Delgado and Le Vay (2009). Aeration was then removed until suspended solids had 
settled (~10 - 15 min), at which time larvae were harvested again, condensed onto a 
150 µm screen, briefly rinsed with sea water into 200 ml sample jars and chilled until 
euthanized. To determine larval body weight as dry weight larva-1, triplicate samples of 
~100 pre-fed nauplii larvae and ~10 fed larvae per replicate vessel were first rinsed with 
3 x 30 ml aliquots of distilled water to remove external salts, then placed onto tared 
25 mm polycarbonate filters (Whatman) with 10 µm pore size (D'Souza and Kelly, 
2000). Differences in the number of nauplii and fed larvae used for dry weight analysis 
were due to the dry weights of fed larvae being approximately 7 - 12 times larger than 
those of nauplii. Filters were then oven dried at 60 ˚C for 24 h, cooled under vacuum for 




A normalized biomass development index (NBDI), was calculated for each glass 
culture vessel for each diet using the percentage survival, development index and dry 
weight, to determine the overall performance of each diet. NBDI was calculated by 
modifying the normalized biomass index formula by Conklin et al. (1975), which was 
calculated by multiplying the percentage of surviving larvae by the DI, to include a 
standardized mean dry weight (SMDW). SMDW was calculated for each culture vessel 
by dividing the mean dry weight (µg larva-1) of larvae from each culture vessel by the 
maximum mean dry weight (source ACAAR diet; 12.1 µg larva-1) attained for all 
culture vessels.  
SMDW = mean dry weight (µg larva-1) in each vessel / maximum mean dry 
weight (12.1 µg larva-1) 
NBDI = (percentage survival) x (DI) x (SMDW) 
 
6.2.4. Statistical analysis 
One-way Analyses of Variance (ANOVA) tests were used to determine whether the 
percentage survival, development and NBDI differed among feeding regimes (7 levels; 
the three mono and four mixed microalgae feeds) at the end of the experiment. Analysis 
of dry weight also included samples of N VI larvae in one-way ANOVAs to confirm 
whether significant changes had occurred from pre-feeding to feeding. This resulted in 





Prior to undertaking any analyses, the extent of the linear relationship between 
the loge mean and loge standard deviation for each of percentage survival, development, 
dry weight and NBDI was used to determine which transformations were required to 
meet the test assumption of homogeneity of variance for each of the above two data 
tests (Clarke et al., 2014). These analyses indicated that the percentage survival values 
required a square-root transformation, while development, dry weight and NBDI data 
did not require transformation. When ANOVA detected a significant difference, post-
hoc pairwise comparisons were conducted using Tukey’s HSD to elucidate the a priori 
groups that were responsible for each of those differences. The null hypothesis of no 
significant difference between a priori groups was rejected when p was <0.05. All 
univariate analyses were performed using SPSS version 22 software (IBM, 2013).  
To aid in comparing the performance of the diets across survival, development, 
dry weight and NBDI, all of which are measured in different units, a scaling model was 
developed. Initially, index values were assigned to diets based upon which groups they 
were allocated to in the post hoc pairwise comparisons. Highest performing groups of 
diets were assigned the highest values, i.e. group a = 3, b = 2, c = 1, etc. Where diet(s) 
were assigned more than one group, the mean of the index values was used, i.e. 
ab = 2.5, abc = 2, bc = 1.5, etc. To account for the difference in the number of 
significant groups between each post hoc test, index values were standardized as a 
percentage of the maximum index value for each test. Diets were ranked according to 
their post hoc group for NBDI. In cases where two or more diets were allocated to the 





One-way ANOVA determined that the percentage survival of M. dalli larvae differed 
significantly among the diets tested (F6, 20 = 5.12, p = 0.006). Pairwise comparisons 
showed that larvae fed a mixed diet of C. muelleri and C. calcitrans was the worst 
performing diet, with a mean (± 95% confidence limits) percentage survival of 
53.6 ± 4.2, which was significantly lower than the best performing mixed diets of either 
C. calcitrans and T. suecica (94.4 ± 6.3) or C. muelleri and T. suecica (83.8 ± 18.5; 
Fig. 6.2), and the mono-specific diet of T. suecica (83.8 ± 11.5; Fig. 6.2). The survival 
of larvae fed any of the diets aside from the mixed diet of C. muelleri and C. calcitrans 
did not differ significantly from each other, with mean percentage survival ranging from 







Figure 6.2. Percentage survival of Metapenaeus dalli larvae (mean ± 95% confidence limits; n=3) fed 
different algal diets determined at the time when 50 % the control (Cm+Ts) had moulted to M I. 
Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), Tetraselmis suecica (Ts), Australian Centre for 
Applied Aquaculture Research (ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters denote 
groups that are not significantly different. 
 
The development of larvae was shown by ANOVA to differ significantly among 
the diets tested (F6, 20 = 23.72, p < 0.001). Larvae that were fed the mono-specific feed 
of C. calcitrans had a significantly lower development index than all other diets 
(2.71 ± 0.07; Fig. 6.3). When larvae were fed C. muelleri (3.19 ± 0.10) or T. suecica 
(3.29 ± 0.06), development increased, however, it was still significantly poorer than the 
mixed diet of C. muelleri and T. suecica (3.81 ± 0.08). The development of larvae fed 
the mixed diet of C. calcitrans and C. muelleri was also found to be significantly lower 
than larvae fed either the ACAAR diet (3.61 ± 0.12) or C. muelleri (3.58 ± 0.21) alone. 





Figure 6.3.  Development of Metapenaeus dalli larvae (mean ± 95% confidence limits; n=3) fed different 
algal diets determined at the time when 50 % the control (Cm+Ts) had moulted to M I. Chaetoceros 
muelleri (Cm), Chaetoceros calcitrans (Cc), Tetraselmis suecica (Ts), Australian Centre for Applied 
Aquaculture Research (ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters denote groups that 
are not significantly different. 
 
The dry weight of the larvae differed significantly among the various diets tested 
(F7, 23 = 63.60, p < 0.001). Pairwise comparisons showed that each of the seven diets 
resulted in a significant increase in dry weight from larvae at the start of the experiment, 
i.e. N VI stage (1.3 ± 0.1 µg larva-1; not shown in Fig. 6.4). Of the larvae fed 
microalgae, a mono-specific diet of C. calcitrans (7.0 ± 0.6 µg larva-1; Fig. 6.4) was 
significantly lower than the best performing fed mixed diets including ACAAR diet 
(11.2 ± 1.2 µg larva-1) and C. muelleri and T. suecica (10.3 ± 0.6 µg larva-1), or mono-
specific diets including either C. muelleri (10.0 ± 1.0 µg larva-1) or T. suecica 
(9.7 ± 1.1 µg larva-1). Due to low survival providing inadequate biomass, dry weights of 





Figure 6.4. Dry weight of Metapenaeus dalli larvae (mean ± 95% confidence limits; n=3) fed different 
algal diets determined at the time when 50 % the control (Cm+Ts) had moulted to M I. Chaetoceros 
muelleri (Cm), Chaetoceros calcitrans (Cc), Tetraselmis suecica (Ts), Australian Centre for Applied 
Aquaculture Research (ACAAR) = Cm +Cc+Ts. Bars with the same lower case letters denote groups that 
are not significantly different.  
 
The overall performance of diets based on the NBDI was shown by ANOVA to 
differ significantly among the diets tested (F6, 20 = 9.04, p < 0.001). Larvae fed five of 
the diets did not differ significantly, performing the best with mean NBDI values 
ranging from 270.5 to 203.3 (Fig. 6.5). Of these five diets, four contained T. suecica as 
either mono-specific or mixed feeds, with the ACAAR diet (270.5 ± 63.0) and a mixed 
diet containing C. muelleri (269.3 ± 46.3) performing the best overall. Two worst 
performing diets contained C. calcitrans as either a mono-specific (102.2 ± 24.1) or 
mixed diet with C. muelleri (119.9 ± 8.9). 
 
Figure 6.5. Normalized biomass development index (NBDI) of Metapenaeus dalli larvae (mean ± 95% 
confidence limits; n=3) fed different algal diets determined at the time when 50 % the control (Cm+Ts) 
had moulted to M I. Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), Tetraselmis suecica (Ts), 
Australian Centre for Applied Aquaculture Research (ACAAR) = Cm +Cc+Ts. Bars with the same lower 





Comparisons of the ranked performance of each response variable between each 
diet (Table 6.2) indicated that a mixed diet of (i) T. suecica and C. muelleri and (ii) 
ACAAR and the mono-specific diet of T. suecica performed the best. In each of these 
diets, a maximum ranking score of 100 was attained in at least one of the response 
variables, which was also reflected in their high NBDI values (Fig. 6.5). A mixed diet 
of T. suecica and C. calcitrans also attained a ranking score of 100 for survival, 
however, larvae fed this diet had poor development and dry weight. The worst 
performing diets were a mixed diet of C. calcitrans and C. muelleri, as well as a mono-
specific diet of C. calcitrans, which had low ranking scores across all response 
variables. 
Table 6.2 Performance of larval Metapenaeus dalli fed each microalgal diet, scored according to the 
results of post hoc pairwise comparisons for each analysis of survival, development, dry weight and 
normalized biomass development index (NBDI). Diets were ranked according to their post hoc group for 
NBDI. In cases where two or more diets were allocated to the same group, they were ordered based upon 
their mean NBDI score. Chaetoceros muelleri (Cm), Chaetoceros calcitrans (Cc), Tetraselmis suecica 
(Ts), Australian Centre for Applied Aquaculture Research (ACAAR) = Cm +Cc+Ts.  
Diet Survival Development Dry weight µg larva-1 Ranking Mean NBDI   
Cm+Ts 100.0 100.0 87.5 100.0 269.3 
 ACCAR  75.0 87.5 100.0 100.0 270.5 
 Ts 100.0 75.0 75.0 100.0 238.4 
 Cc+Ts 100.0 62.5 37.5 83.3 212.1  
Cm 75.0 87.5 75.0 66.7 203.3  
Cm+Cc 50.0 50.0 50.0 50.0 119.9 






This study has demonstrated that the performance of various monospecific and mixed 
microalgae diets affected the survival, development, dry weight and overall 
performance of larval M. dalli.  
6.4.1 Survival 
Although survival differed significantly among the diets, as a measure of performance 
this was poor as it failed to distinguish differences between six of seven diets tested as 
evidenced by the large confidence limits attained with each mean percentage survival 
value. Mean percentage survival was also found to be highly variable in dietary studies 
undertaken on larval Penaeus spp. and Litopenaeus vannamei (D'Souza and Loneragan, 
1999, Piña et al., 2006). In this experiment survival was considered inadequate at 
distinguishing between the performance of diets. To overcome this, future trials testing 
differences in survival of diets should include more replicates to counteract the effect of 
large variation in survival between replicate culture vessels.  
6.4.2 Development and Dry weight 
Of larvae fed each of the seven diets, mono-specific diets of either C. muelleri, 
T. suecica or mixed algal diets containing both species resulted in higher development 
index and dry weight values at the cell densities tested, while diets containing 
C. calcitrans generally performed poorly, though one exception to this was the ACAAR 
diet. When comparing development and dry weight of larval M. dalli, there appears to 
be a positive relationship between these two response variables. This relationship is 
particularly important, as larval feeding stops during metamorphosis, with larvae 




et al., 1983, Lemos et al., 2001). Thus, it is likely lower assimilation of C. calcitrans to 
dry weight by larval M. dalli resulted in poor development, leading to poor overall 
performance of this microalga as feed.  
In regards to the performance of T. suecica, it is possible that localized 
environmental adaptability to conditions within estuarine environments has allowed 
M. dalli to survive and grow well on both diatoms and chlorophytes during herbivorous 
stages. For example, in similar dietary studies of protozoa stage larvae of tropical 
prawns that reproduce in marine environments, such as Penaeus semisulcatus (D'Souza 
and Loneragan, 1999) and L. vannamei (Piña et al., 2006), T. suecica performed 
significantly worse than either a mono-specific diet of C. muelleri or a mixed feed of 
T. suecica and C. muelleri. Given that diatoms are more prevalent in marine 
environments and chlorophytes more abundant in freshwater and brackish water 
environments (Twomey and John, 2001, Tweedley et al., 2016), dietary preference for 
C. muelleri by P. semisulcatus and L. vannamei may occur. It also possible that feed 
preference by prawn species may be species-specific, as the marine spawning Penaeus 
japonicus larvae, like M. dalli in this study, showed no significant difference in 
development when fed either T. suecica or C. muelleri as mono-specific feeds (D'Souza 
and Loneragan, 1999). 
When comparing performance between different species of diatoms, C. muelleri 
appeared to be a superior feed to C. calcitrans for M. dalli. Dietary studies of Penaeus 
monodon protozoea stage larvae also showed that C. muelleri was a superior diet in 
terms of development and growth than C. calcitrans, when fed at densities similar to 




measures of each microalga in this study showed that C. calcitrans was in fact the 
smallest of each microalgal species described, being ~30 % of the biovolume of 
C. muelleri. Although C. muelleri was found to be adequate for feeding larval M. dalli, 
another diatom C. calcitrans was not. In previous dietary studies of P. monodon 
protozoea stage larvae, C. muelleri was found to be a superior diet in terms of 
development and dry weight than C. calcitrans, when fed at densities similar to this 
study (Tobias-Quinitio and Villegas, 1982, D'Souza et al., 2002). Size preference of 
microalgae may be a consideration, given that M. dalli larvae are ~65 % the length of 
P. monodon during similar metamorphic stages (Robert Michael, pers comm.), 
however, measures of each microalga used in this study showed that C. calcitrans was 
in fact the smallest of each microalgal species described (Table 6.1). Given that dietary 
feeds of the diatoms were assigned on the basis of cell density alone, it is obvious that 
C. calcitrans provided far less biovolume concentration than C. muelleri. This 
difference may have contributed to the poor performance of diets for larval M. dalli and 
in other penaeid prawns fed C. calcitrans at similar densities, due to a shortfall in the 
gross amount of food consumed.  
Previous comparisons of macronutrients for each microalgal species used in this 
study by Brown (1991) showed substantial differences. Chaetoceros calcitrans had 
constituent weights (pg cell-1) of protein (3.8), carbohydrate (0.68) and lipid (1.8), while 
C. muelleri had protein (9.0), carbohydrate (2.0) and lipid (5.2) and T. suecica had 
protein (52.1), carbohydrate (20.2) and lipid (16.8) respectively, further highlighting the 
potential for disproportionate delivery of gross macronutrient components. Given that 




relative proportions of each macronutrient, particularly in C. calcitrans, did not satisfy 
the feeding requirements of larval M. dalli. The lack of nutrients may be due to the 
greater proportion of indigestible component silica frustule in C. calcitrans, which is 
caused by a surface area to volume ratio smaller than C. muelleri (Brown, 1991).  
6.4.3 Large-scale production 
This research has demonstrated that M. dalli larvae can be cultivated in small glass 
culture vessels through the protozoea stage using a diet comprising a single species of 
microalgae. However, further trials that examine the role of these microalgae during the 
mysis stage of development, when prawn larvae are known to become omnivorous are 
required (Jones et al., 1997, Gamboa-Delgado and Le Vay, 2009). Furthermore, larger-
scale cultivation of larval M. dalli has previously been achieved by the Australian 
Centre for Applied Aquaculture Research in Fremantle, Australia, using both the mixed 
diet of C. muelleri and T. suecica (~ 2 million post larvae) and ACAAR diets 
(~ 2 million post larvae) between 2014 and 2016 (Jenkins et al., 2017). Whether similar 
success could be achieved using mono-specific diets of either C. muelleri or T. suecica, 
however, has yet to be determined. As part of larger-scale trials, further analysis of 
tolerance levels of key metabolic by-products by M. dalli larvae, such as ammonia, 
nitrite and nitrite, should be examined to develop baseline requirements for production, 
particularly if larvae are grown under low/no water exchange. It is also recommended 
that large-scale production should incorporate monitoring of pH, nitrogen levels and 
speciation in situ to monitor such changes (ASEAN, 1978, Menasveta et al., 1989, 





This study showed that for the herbivorous feeding phase of larval M. dalli, both mono-
specific and mixed diets containing both C. muelleri and T. suecica produced the best 
overall performance. Chaetoceros calcitrans performed poorly, both as a mono-specific 
feed and in mixed culture, except when fed with both C. muelleri and T. suecica. This 
study enhances the limited knowledge on the feeding requirements of metapenaeid 
prawn larvae, however, future studies of assimilation efficiencies of feeds and 
nutritional requirements of M. dalli larvae are required to increase larval performance in 
commercial production.  
7.0 Thesis conclusions 
Since peaks in combined fishing catches of the Western School Prawn Metapenaeus 
dalli were recorded for the Swan-Canning Estuary fishery in 1959 (~ 15 tonnes), a 
significant decline in M. dalli abundance occurred, leading to a cessation of commercial 
fishing activities in the 1970’s and greatly reduced recreational fishing effort in the late 
1990’s (Maher, 2002). Despite the reduced fishing pressure, stocks of M. dalli in the 
Swan-Canning Estuary have not recovered naturally (Smith et al., 2007). To address 
this decline, an aquaculture-based enhancement (ABE) program was implemented in 
the hope of increasing the recreational fishing yield (Jenkins et al., 2015, Jenkins et al., 
2017).  
For an ABE program to be successful, a sound understanding of the biology of 
the target species is required. This includes the timing and location of natural 




of the M. dalli in the Swan-Canning Estuary, only limited studies of the growth and 
timing of reproduction in both the Swan-Canning and Peel-Harvey estuaries in south 
Western Australia had been conducted (Potter et al., 1986, Potter et al., 1989), together 
with information on the distributions of prawns (including M. dalli) in the Gulf of 
Carpentaria and Cairns Harbour, Queensland (Coles and Lee Long, 1985, Potter et al., 
1986, Potter et al., 1989, Coles et al., 1993). Thus, the biological knowledge required to 
underpin an ABE project, such as detailed information on the reproductive biology; and 
the environmental conditions and feed requirements for subsequent large-scale 
production of M. dalli in hatcheries was therefore lacking.  
This Thesis details research into aspects of the reproductive biology, ecology 
and larval biology of M. dalli required for effective assessment and implementation of 
ABE in the Swan-Canning Estuary (Fig. 7.1). Lessons learned from this research can 
now be incorporated into the ongoing stewardship by aquaculturists, fisheries managers 
and recreational fishers alike.  
7.1 Refining aquaculture practices 
While hatchery cultivation of penaeids is considered the most suitable method for ABE 
of prawns, sourcing of broodstock to produce them is difficult from depleted and/or 
highly seasonal fisheries. Further complicating this can be the lower natural fecundity 
of small-sized target species from temperate environments, such as M. dalli, for which 
larger numbers may be required, both to meet the larval rearing capacity of the hatchery 
and minimize production costs. Using biological knowledge contained in Chapters 2 




within the Swan-Canning Estuary. This reduces both the economic costs and 
environmental impacts of sourcing broodstock for spawning. 
Once penaeid broodstock can be sourced and spawned, hatched larvae must be 
cultured in sufficient numbers for release, which requires high survival combined with 
the best possible development rates to minimize time in the hatchery. Large-scale 
production required adaptation of existing hatchery rearing practices for commercially 
grown penaeids to the physico-chemical and feeding requirements of M. dalli. Though 
this approach had merit, larval development of M. dalli had never been described or 
compared to congeners. Taxonomic comparisons of congeners to descriptions of larval 
development in M. dalli in Chapter 4 showed that it had many similar morphological 
characteristics, though each species had minor differences in setae arrangement on the 
1st and 2nd antennae. Thus, measures of development rates by analyzing metamorphic 
changes of larval M. dalli in each of the subsequent studies made this approach 
consistent and comparable with similar studies of congeners.  
 
Some of the physico-chemical requirements (Chapter 5) for rearing larval 
M. dalli were found to differ from many commercially cultured prawns grown in 
tropical environments. Water temperature requirements for larval M. dalli (25.8 °C) 
closely matched those found in the Swan-Canning Estuary (24 – 26 °C) at the time 
broodstock was collected, rather than that used for tropical penaeids (~ 28 °C). This 
localized adaptation to temperate environmental conditions had been previously 




tropical penaeids, the best salinity to be used in the cultivation of M. dalli larvae was 35 
‰. Increase in water temperature and/or variation in salinity had a negative impact on 
survival, indicating that larvae produced in the Swan-Canning Estuary may be adversely 
affected by these changes in their environment. However, for short-term gains in growth 
rate, culture temperatures may be increased, providing they remain below 30 °C as this 




















Figure 7.1. Scientific requirements for the successful implementation of aquaculture-based enhancement of Metapenaeus dalli in the Swan-Canning 
Estuary. Outcomes of this Thesis are given in dark blue, light blue sections are required for release strategies of cultured stock, orange sections are key 
outcomes of ABE implementation, red sections relate to fishing yield. Adapted from Tweedley et al. (2017) and Jenkins et al. (2017).   





 Aquaculture techniques 
Habitat preference 
Stewardship of fishery 
Release programs Timing and size of release 
Biology and ecology of species  
Abundance and distribution of population 
Predation of stock at 






Feeding requirements of larval M. dalli during the herbivorous stages of 
development (Chapter 6), showed a preference for both mono-specific and mixed diets 
containing the diatom Chaetoceros muelleri and/or the chlorophyte Tetraselmis suecica. 
Another diatom Chaetoceros calcitrans performed poorly, except when fed with both 
C. muelleri and T. suecica. This preference for T. suecica is in contrast to many tropical 
marine prawn species such as Penaeus semisulcatus and Litopenaeus vannamei, which 
rely upon diatoms prior to switching to zooplankton and/or commercially formulated 
feeds (D'Souza and Loneragan, 1999, Piña et al., 2006).  
7.2 Reproductive biology and implications for management 
Ongoing monitoring of natural recruitment must include an assessment of how 
environmental conditions impact on the survival and recruitment of the target species, 
to determine what and how fisheries management strategies (regulating daily catch, 
seasonal closures, etc.) should be employed. Reducing the reliance upon ABE 
(including associated economic costs) in the long-term may be achieved by 
simultaneously increasing the abundance of wild breeding stocks, while protecting 
reproductive populations from over fishing at critical times and locations as informed 
by this study. This may only occur if populations are assessed as not being depleted, for 
which no determination has been made for M. dalli in the Swan-Canning Estuary.  
Although ABE can augment stock numbers within a target fishery, factors such 
as seasonal and annual changes in environmental conditions can impact reproduction. 
Seasonal and annual climate patterns can affect both atmospheric temperatures and 
rainfall, causing changes in water temperature and fluvial flows, which also impact 




Chapter 3 showed that M. dalli reproduced over a single annual breeding season and 
had relatively low fecundity compared to congeners from tropical waters, which placed 
constraints on its natural recovery even after fishing pressures reduced. Seasonal egg 
production was influenced by water temperature and salinity stratification, with warmer 
waters increasing egg production, while increased stratification reduced maturation 
rates. Given that the majority of gravid M. dalli are 0+ individuals, poor breeding 
seasons would likely result in low catch yields in subsequent years. Furthermore, 
adverse environmental conditions during non-breeding periods may also impact 
recruitment, however this was not examined in this Thesis. These issues may be 
addressed with ABE if ongoing monitoring of target fisheries can identify both poor 
breeding in prior years and declines in stock numbers during non-breeding periods. 
While ABE can address declines in recruitment, long-term planning must 
incorporate other factors, such as climate projections, to determine the frequency and 
likelihood of ABE being required ad hoc. Climate projections for the remainder of this 
century in south-western Australia indicate a combination of increased temperatures and 
increased likelihood of intense summer rainfall events, leading to flash flooding 
(Gillanders et al., 2011, Hope et al., 2015, Andrys et al., 2017), which will likely impact 
seasonal egg production of M. dalli. It is expected that with increased air temperatures 
and subsequently higher water temperatures in south-western Australian estuaries, 
growth rates of M. dalli in the Swan-Canning Estuary will increase, leading to larger 
sizes of reproductive females and higher fecundity. Conversely, unseasonal high rainfall 




salinity and increase stratification during breeding and are likely to reduce reproduction 
in some years.  
Given that significant aggregations of gravid M. dalli move from the unfished 
offshore waters in to nearshore waters during the months of November and December 
each year, fishing these waters represents a significant vulnerability to the long-term 
recovery of the species. Recreational fishing pressures in the Swan-Canning and 
neighboring estuaries occurs exclusively by nearshore hand trawling, with fishers 
permitted to take 9 L of prawns, including Penaeus (Melicertus) latisulcatus per person 
per day. The use of ABE without protecting these aggregations may limit its 
effectiveness to a form of ranching, in that M. dalli stocks will be targeted by fishers 
before they have a chance to reproduce, rather than assist sustainable recovery. This 
would result in increased economic cost and environmental impacts associated with 
implementing such programs, as greater fishing activity and more frequent aquaculture 
production of release stock will be required. Thus, protecting nearshore migrations of 
breeding prawns in November – December each year by implementing a short temporal 
closure of the prawn fishery would be the most viable option in protecting natural 
recruitment and increasing stocks of M. dalli.  
7.3 Future research 
One of the major gaps in knowledge in the implementation of ABE in this and 
other programs was determining the contribution of cultured stock to overall catch 
abundance. This would need to occur in a manner that allowed for the consumption of 




penaeids have been previously explored, including external and internal markers, 
genetic markers and isotopic labelling, with various degrees of success.  
Previous attempts have been made to mark the exoskeleton of prawns using vital 
stains, but these have been unsuccessful due to poor retention of dyes and high 
mortality (Walsh et al., 2007). Internal markers such as elastomer dyes and passive 
transponders have also been trialed for penaeids in aquaculture production, but were 
unsuccessful due to the product being unsalable for consumption, being too labour 
intensive to be economical or juveniles being too small in size to implant (Godin et al., 
1996, Caceci et al., 1999, Jerry et al., 2004).  
Polymorphic codominant genetic markers have been developed to some extent 
for species such as Penaeus (Marsupenaeus) japonicus, Penaeus esculentus and 
Penaeus (Melicertus) plebejus, however these methods are incomplete, and have proven 
more useful thus far in the development of aquaculture breeding programs than ABE. 
This is because stock lineage requires less discrimination (e.g. less microsatellite 
markers) in aquaculture production than wild populations, for which may more markers 
are required (Jerry et al., 2004, Liu and Cordes, 2004, Loneragan et al., 2004, Chan 
et al., 2014). Currently, genetic markers are in development for M. dalli to distinguish 
cultured stock, but these were not developed in time for the release programs, thus 
augmentation of wild stocks through ABE could only be inferred.  
A viable alternative to the aforementioned markers is the use of enriched stable 
isotope tracers in released prawns to differentiate cultured from naturally reproduced 




tissues prior to release. This has previously been achieved in several penaeid species at 
post larval stage using enriched stable isotope markers (see review of Le Vay and 
Gamboa-Delgado, 2011). Concerns related to the safe use of stable isotopes in food 
items may be alleviated by the ongoing use of enriched deuterium isotope tracers in 
pharmacological research (Baillie, 1981). The greatest concern with the successful use 
of enriched stable isotopes is its ability to discriminate over long periods of time, after 
significant tissue turnover.  
Another factor affecting recruitment not covered in this Thesis is the survival of 
juvenile and sub-adult M. dalli from post-release until recapture. Understanding the 
response of these life stages to environmental conditions would allow more accurate 
assessment of recruitment of gravid 0+ M. dalli. This may be achieved to some extent 
by in vitro laboratory trials of the effects of changes in physico-chemical conditions on 
survival and growth during these life stages. Factors, such as predation of M. dalli 
during releases and substrate usage by larger prawns were assessed in this ABE 
program (Poh et al., 2017, Tweedley et al., 2017). However, assessment of habitats that 
reduce predation, such as certain types of benthic substrates, have yet to be considered 
in the rearing of M. dalli prior to release. Studies that assist in assessing various 
sediment types and preferences could be incorporated into nursery production in earthen 
ponds. These studies may also determine optimal life stage for substrate usage by 
juveniles which could better inform size at release.  
Finally, it was demonstrated in this Thesis that M. dalli larvae can be cultivated 
with low water exchange, however, the biological tolerance levels of key metabolic by-




These tolerances must be known, particularly if larvae are to be grown in large scale 
culture systems (ASEAN, 1978, Menasveta et al., 1989, Kesarcodi-Watson et al., 2008). 
Furthermore, production of these metabolic by-products is significantly influenced by 
the efficiency at which feeds can be assimilated. Whether feeding preferences observed 
in Chapter 6 are the result of localized adaptation, are species-specific or are related to 
the aquaculture system used is not known. Thus, rearing trials with M. dalli stock 
sourced from tropical marine areas or with different water exchange regimens would aid 
in answering these questions. Nutritional studies aimed at quantifying the assimilation 
efficiency of feeds, such as with stable isotope and/or fatty acid markers as conducted 
on L. vannamei and Penaeus sp. (D'Souza and Loneragan, 1999, Gamboa-Delgado and 
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